
TRA.tl3FERRE0 TO THE A.E. SUB-LIBRARY 

AIRCRAFT HYDRAULICS 


BY 

HAROLD W. ADAMS 

Chief, Mechanical and Equipment Section, Douglas Aircraft Company, Inc., 
El Segundo Plant; Formerly Hydraulics Engineer, Douglas Aircraft 
Company, Inc., Santa Monica Plant; 'Chairman of S.A.E. 
Subcommittee for Aircraft Hydrdulic Equipment 


First Edition' 
Fourth Impression 


McGRAW-lilLL BOOK COMPANY, INC. 

NEW YORK AND LONDON 

1943 



AIRCRAFT mrDRAXJUCS 


Copyright, 1943 , by thk 
McOraw-Hill Book Company, Inc. 

PRINTEO IN THE TTNITEO STATES OF AMERICA 


All rights reserved. This book, or 
parts thereof, may not he reproduced 
in any form without permission of 
the publishers. 



PREFACE 


Aircraft have increasing numbers of services that require re- 
motely controlled power operation. A large percentage of these 
services can best be performed hydraulically. 

Believing that the average American engineer, mechanic, or 
student wants to know, not simply the details of systems in cur- 
rent use and arbitrary rules for their design, but also the basic 
principles and general rules for their design, and that thus equipped 
he can understand present systems and develop future systems, 
the author in this book has concentrated on the principles under- 
lying the design of aircraft hydraulic systems rather than on the 
details of systems in current use. 

The author wishes to acknowledge his deep indebtedness to 
Arthur E. Raymond, whose recognition of the merits of hydraulic 
systems has kept the Douglas Aircraft Company leading in ad- 
vances in the application of hydraulic systems in aircraft. 


Santa Monica, Calif, 
January, 1943 . 


Habold W. Adams. 
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CHAPTER I 


INTRODUCTION 

The aircraft hydraulic systems that this volume will cover can 
be defined as systems for the transmission of power by means of 
fluid under pressure. To fulfill the requirements of this definition, 
the system must consist of at least three parts, as follows: a pump, 
a transmission line, and a motor. It must include a pump because 
the pump is the unit that puts work into the fluid, i.e.^ takes 
mechanical power from whatever source it comes and uses it to 
move fluid under pressure. It must include a line, or pipe, for 
transmitting the fluid under pressure from one place to another, 
and it must include a motor for transforming the moving fluid 
under pressure back into mechanical power. 

Thus, in an aircraft hydraulic system, which is a system for 
transmitting power by means of fluid pressure, it is necessary to 
transform the power into fluid pressure, move this a certain dis- 
tance, and then transform it back into power again. 

The advantages of such a system of power transmission are 
many; there also are limitations, which must be recognized. In 
deciding whether to use a hydraulic system rather than some other 
form of power-transmission system, such as mechanical or elec- 
trical, the relative advantages and disadvantages of each system 
must be weighed one against the other. Therefore, the first task 
of a book about airplane hydraulic systems must be to show that 
such systems have enough advantages to make them the best 
form of power-transmission system for certain applications. 

The chief advantages of the hydraulic form of power transmission 
are light weight, controllability, and low inertia of the moving parts. 

The advantage of light weight in airplanes is obvious. However, 
the weight advantage of hydraulic systems is confined to the high 
powers. In the lower powers, hydraulic systems, because of the 
minimum sizes of the parts available or practicable, become in- 
creasingly heavy when compared with competing systems of 
p 0 we r t r’ansm issio n . 
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A very high degree of controllability characterizes hydraulic 
systems and makes them the logical answer to such airplane 
problems as power flight controls, power gun turrets, and power 
brakes. 

The advantage of having moving parts of low inertia is of 
importance when it is necessary to bring some mechanism, such as 
a retractable landing gear, to a stop in an exact position. Under 
such conditions, light parts moving at low speed, such as a piston 
in a cylinder, can be stopped by a simple mechanical stop at the 
end of their travel, whereas a high-speed rotating part, having 
considerable inertia, must be brought to a stop gradually or dis- 
ruptive forces will result. 

Other advantages and limitations will present themselves as 
specific cases are studied and when hydraulic systems are com- 
pared with other competing systems of power transmission. 

An example of the simplest form of such a system is the hy- 
draulic-brake system in an airplane or automobile in which the 
pump, which is usually called the master cijUnder, is operated by 
the driver’s foot. It forces oil through lines to the motor, in this 
case called the brake cylinder ^ located at the wheel, where the mov- 
ing fluid is transformed back into work and applies the brake 
shoes. 

Hydraulic systems are commonly used in aircraft for transmit- 
ting power from a pump mounted on one or more of the airplane’s 
main engines to other parts of the airplane, to retract landing 
gears, operate wing flaps, move gun turrets, and in general wher- 
ever high power or a high degree of controllability is required. 
Other power sources than the airplane’s main engines are some- 
times used, such as auxiliary engines or electric motors. 

In the basic airplane hydraulic system, as diagramed in Fig. 1, 
there are two additional elements, which are present in most 
hydraulic systems. These are the reservoir and the directional 
control valve. The reservoir is necessary in most systems to take 
care of the change in volume of the fluid with change in tempera- 
ture. It also takes care of the change in volumes of the system that 
occurs when the operating cylinder is moved and acts to supply 
fluid to make up losses due to leakage and evaporation. 

A directional control valve, or ^‘four-way” valve, is reciuired in 
any system that must operate in two directions unless a reversihl(‘ 
pump is used. 
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In the diagram of a basic aircraft hydraulic system shown in Fig. 
1, A is the reservoir, B is the pump, C is the operating cylinder, D 
is the control valve, and Ey E are lines. 

Arrows show the direction of flow of the fluid, which always 
flows in one direction above the directional control valve but in 
both directions beyond the valve, depending on valve position. 
The part of the system above the valve, in which the fluid flows 
in only one direction, is called the 
power system. The part beyond the 
directional control valve is known by 
the name of the unit that it operates, 
as the landing-gear system or the flap 
system. 

The operation of the system may 
readily be understood by studying 
Fig. 1 . When the control valve is in 
the position shown by the solid lines, 
fluid drawn from the reservoir by the 
pump is forced through the valve into 
the left-hand end of the operating 
cylinder, forcing the piston to the 
right as shown by the solid arrow. 

The fluid from the right-hand end 
of the cylinder is returned to the 
reservoir through the control valve, as shown by the solid 
arrows. When the control valve is moved to the position shown 
by the dotted lines, fluid drawn from the reservoir by the pump 
is forced through the valve into the right-hand end of the oper- 
ating cylinder, forcing the piston to the left as shown by the 
dotted arrow. The fluid from the left-hand end of the cylinder now 
returns to the reservoir through the control valve, as shown by the 
dotted arrows. This basic system is the one from which any 
hydraulic system can be derived. Additions may be made to it for 
the purpose of providing additional sources of power, operating 
additional cylinders or motors, making operation more automatic, 
or increasing the reliability; but these additions are all made on the 
framework of the basic hydraulic system diagramed in Fig. 1. 

The following brief description of the units may help those not 
familiar with modern aircraft hydraulic systems to visualize the 
system as it might be installed in an airplane. The reservoh 



Fig. 1. — Schematic diagram of 
basic airplane hydraulic system. 
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usuMlly consists of a welded aluminum tank. The most desirable 
shape is a cylinder with its axis vertical. The tank in the Douglas 
DC”3 airplane, for example, is about 7 in. in diameter and 20 in. in 
height. 

The reservoir tank must have a filler opening where oil can be 
added to the system. It must have .a drain for changing the oil 
in the system and for draining out the sediment that collects in 

the bottom of the tank and a 
vent line to open the tank to 
the atmosphere to prevent 
changes in pressure caused by 
changes in the internal volume. 
It has one or more outlets to 
the pumps and one or more 
returns from the directional 
control valves. It usually has 
some sort of level-measuring 
device, such as a gauge glass 
or a calibrated stick, and it 
sometimes, though not always, 
includes some sort of strainer. 
A typical reservoir is shown in 
Fig. 2. 

Hydraulic-system pumps may be either power-driven or hand- 
operated pumps or, in the case of brake systems, pedal-operated 
pumps. 

Hand pumps nearly always take the form of a jjiston r(‘cipro- 
cating in a cylinder provided with inlet and outlet check valves. 
A check valve is a device that allows fluid to travcjl frcHily in one 
direction but stops its flow in the other direction. A typical hand 
pump is shown in Fig. 3. This pump has a displacement of % cu. 
in. per stroke and weighs 3 lb. 

Engine pumps may be of three general types. A very few high- 
pressure small-displacement pumps are luiilt with ix^ciprocating 
pistons and check valves. A somewhat larger numlrr^r ar(' built, 
with reciprocating pistons and rotary valves. Sonu; soi-t of valv- 
ing is, of course, necessary to prevent the fluid in the i)rc‘ssur(‘ liii(‘ 
from reentering the cylinder on the intake stroke. Tlui gi-eat. 
majority of aircraft hydraulic-system engine pumps, however’, ar(‘ 
gear pumps, in which oil trapped in the; t(H'th of grnu’s is forced 



Fig. 2. — Schematic drawing of typical 
hydraulic-system reservoir. 
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from the low-pressure to the high-pressure side of the pump. A 
typical gear pump is shown in Fig. 4. This pump, which is about 
average in size, has a displacement of 5 gpm. at 3000 rpm. and will 
deliver this how at up to 1000 Ib./sq, in. pressure. The horsepower 



Fig. 3. — Schematic drawing of Fig. 4. — Schematic drawing of typical 

typical hand pump. gear pump. 


required under these conditions is about 5, which, since the pump 
weighs 5 lb., makes a weight /horsepower ratio of 1. 

In aircraft hydraulic systems the motor for transforming moving 
fluid under pressure back into work usually takes the form of a 
cylinder with a piston moving in it; for the most common applica- 
tions for hydraulic systems are in the operating of retractable 
landing gears, wing flaps, bomb doors, and similar services in which 
the unit to be operated has to be moved through a certain travel 
and back again. The piston in these operating cylinders is gen- 
erally packed with some sort of nonmetallic packing to prevent 
fluid leakage. Cylinder dimensions are usually given as bore and 
stroke, which vary from 1 by 2 in. up to 5 by 30 in., depending on 



Fig. 5. — Schematic drawing of typical operating cylinder. 


the power required. Most operating cylinders are hinged or 
pivoted at the ends, and fluid is conveyed to them through flexible 
hoses. A typical operating cylinder is shown in Fig. 5. 

Sometimes, where rotary motion is desired, hydraulic motors are 
used, which are simj^ly gear or piston pumps with oil introduced 
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into the preasure port so that the fluid l.)ackiiig up against the 
pistons or gears makes them optn*at(‘. 

A directional control valve is necessary wherever tlie direction 
of fluid in lines must be reversed, as when an operating cylinder 
must be operated positively in both direc- 
tions. Directional control valves have taken 
various forms. Some years ago, I3iug valves 
were extensively used. In the plug valve, tlie 
body has a tapered hole that is intersectcxl l>y 
four holes at right angles to it. A plug fits 
the tapered hole and has two cutouts in its 
sides. When it is moved in one direction, it 
Fig. 6. — Schematic connects the pressure port with one C 3 dinder 
typical plug Connects the other cylinder port 

with the reservoir port. When it is turned 
90 deg , it reverses the cylinder connections with respect to the 
pressure and reservoir ports (see Fig. 6). 

The valves in most common use in modern systems arci slides 
valves and poppet valves. A slide valve consists of a liored hole 
having a close-fitting piston. The piston has lands which fit 
tightly, and grooves or recesses through which th(^ oil can flow. 
The various ports are drilled into the bore. The piston in various 
positions thus connects various ports through its groov<*s whih* 
the remaining ports are sealed off by the tight-fitting lands on the 
piston. A valve of this type is shown in h'ig. 7. 

Pressure 




Poppet valves use a poppet, or bull, nio\’ing on or- off s<‘ats io 
control the flow between ports. This can ixsst br* serai in th<‘ 
diagram of a poppet valve in various positions in h'ig. S. 

Poppet valves vary in size from about 2 to 0 in. in haiglh and 
fi’om 1 to 5 lb. in weight and have port opmiings from 3 s hi. di- 
ameter to in. or larger. 
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The fluid is conveyed between the various units by lines, or 
pipes, consisting of tubing, usually of some soft material such as 
52SO aluminum alloy, that varies in size from in. outside 



Fig. 8. — Schematic drawing of in-line type poppet valve. 


diameter on operating lines on small airplanes to 13 ^-in. lines for 
pump suction lines on large airplanes. Most pressure lines are in 
the range from to in. outside diameter, and suction lines 
range from H to 1 in. outside diameter. The tubing is connected 
to other tubing or to units by flared fittings in which a flare on the 
end of the tubing acts as both a mechanical connection and a 
gasket to seal against leakage. This flare is brought up against 
the fitting by a nut. In some designs a sleeve is interposed between 
the nut and the back of the tube 
flare. A typical tube fitting is 
shown in Fig. 9. 

The fluid used in the system is 
usually a light mineral oil, some- 
what thinner than SAE 10 auto- 9.— Sectional drawing of typical 

, • 1 u • -1 Ti. tube fitting. 

mobile-engme lubricating oil. It 

was originally used in Sperry automatic pilots and so is often 
referred to as “Sperry oil.” Its properties will be discussed in 
detail later. 




CHAPTER II 


FLOW OF FLUIDS 

A knowledge of the principles governing the flow of fluids is 
necessary for an understanding of the functioning and design of 
hydraulic systems. The flow of fluids has been studied since the 
days of the Romans, but the science of hydrodynamics did not 
begin to assume its present form until the time of Osborne Rey- 
nolds, whose studies laid the foundation upon which the work of 
later investigators has been based. Only recently, aided by the 
intensive work done by such men as Prandtl and von Kdrmdn in 
the related field of aerodynamics, the science of hydrodynamics has 
taken another great stride and has at last assumed the proportions of 
an exact science, in which experiment can be correlated with theory. 

Hydrodynamics can be classified in two major divisions, flow 
in pipes and flow under local disturbances, such as change of sec- 
tion in pipes and through orifices. Both these divisions ar(i of 
importance in airplane hydraulic systems, and both must be fully 
understood before attempting to design an airplaiKi hydraulic 
system, unless cut-and-try methods are to be used. 


FLOW IN PIPES 

The study of flow in pipes is of major importance in aircraft 
hydraulics, for most units to be operated are at some distance from 
the source of power, and the intervening distance must l)e bridg(‘d 
by lines, through which oil flows when the system is in operation. 
Because resistance is created whenever- tliere is a flow of fluid in 
a pipe, it is essential that the amount of this r(^sistanc(d)e calculat(‘d 
in order to determine how much of th(‘ |)OW(‘r availabh* will b(‘ 
absorbed in overcoming resistance and how much will r(*main to do 
useful work. 

Resistance to flow in pipes is caused by the shc^aring action that 
takes place in the flowing fluid and l)etween the fluid and tin? wall 
of the tube. Because a stationary body of fluid has no strength in 

10 
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shear, it follows that resistance to flow in pipes is always dynamic. 
Without motion there can be no resistance. In a pipe in which the 
fluid is stationary the pressure is the same throughout the fluid. 
This is one of the fundamental principles of hydrostatics, the study 
of jfluids at rest. In hydrodynamics, the study of fluids in motion, 



6 ^ Max. 6 Max. 

Velocity Velocity 

Fig. 10. — Conditions in laminar flow. Fig. 11. — Conditions in turbulent flow. 


this is of no interest, except to indicate that when fluids are flowing 
at extremely low velocities the probability is that the resistances 
will be negligible. 

The flow of a fluid in a pipe may be of t'wo different types, 
laminar and turbulent, there being an abrupt transition between 
types. As fluid starts into motion from a state of rest, the flow is 
uniform, or streamline, in character. All particles move in par- 
allel streams, and the shearing is equal between adjacent streams. 
The velocity increases uniformly toward the center of the stream, 
as shown in Fig. 10, 

This condition is maintained as long as the flow continues slow. 
As the velocity of flow is increased beyond a certain critical speed, 
mixing, or turbulence, starts to take place in the stream and the 
particles of fluid no longer move in parallel lines but start to move 
back and forth across the pipe as well. This results in a more 
nearly uniform velocity across the stream, as shown in Fig. 11. 

Consequently, close to the wall of the pipe there is greater shear- 
ing velocity, and therefore increased -3?- 

resistance to flow, for the resistance " 

to shearing increases with velocity. — 

The characteristic of a fluid that — 

detei-rnines its rc'sistance to shear is 
its viscosity. 

If there are two plates of a given size with fluid between them, 
as in Fig. 12, and one of the plates is moved at a constant velocity, 
a certain amount of force is recpiired, caused l^y the resistance to 
shear of the fluid between the plates. 


Fin. 12. — Measurement of flultl 
viscosity. 
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A fluid of unit viscosity is one that requires a unit force to move 
plates of a unit size at a unit speed through the fluid. If the units 
taken are English units, the plates will be 1 ft. square, 1 ft. apart, 
and will move at a velocity of 1 ft./sec. when a force of 1 lb. is ap- 
plied, and the unit of viscosity will be a viscosity in Ib.-ft. sec., 
sometimes referred to as a viscosity of ^‘one engineering unit.’’ If 
the fluid has twice the resistance to shear of a fluid of unit 
viscosity, a force of 2 lb. would be required to 
move the l-ft.-square plates at 1 ft./sec. and 
the viscosity will be two engineering units. 

If the units are taken in c.g.s. (centimeter- 
gram-second) units, the plates will be 1 cm. 
square, I cm. apart, and will move at a veloc- 
ity of 1 cm. /sec. when a force of 1 dyne is 
applied. (One dyne is the unit of force in the 
c.g.s. system and equals 3*^80 This unit 

of viscosity in the c.g.s. system has been given 
the name of Roise, after Poiseuille, who did 
much of the early work on fluid resistance. A 
unit of more convenient size that is often used 
is the centipoise, which is 0.01 poise. 

The viscosity of a fluid is never determined 
Fig. 13. — Schematic moving plates but is determined by measur- 

viscosimeter. mg the flow through a pipe and converting the 
results into viscosity. If a given pressure were 
used to force fluid through a pipe, the rate of flow would }>e propor- 
tional to viscosity. However, it is more convenient to construct a 
measuring device using a certain head, or hiught, of fluid, and 
most viscosity-measuring devices are constructed on this principle, 
as, for example, the Saybolt viscosimeter shown in Fig. 13. 

This introduces another factor, dermty of the fluid, into th(i 
measurement of viscosity, for a constant height of fluid is us(‘d. 
If a given volume of one fluid weighs more than tlu^ same volum(‘ 
of another fluid, obviously the h(‘avier fluid will run out through 
the tube faster, because theme is more pressure' fe)rcing it through. 
To eliminate this factor of density the visceisity obtaineni from the' 
viscosimeter— which for the he^avy fluid appe^ared low(*r than it 
really was because the fluid flow'ed out fasten*, just as it would if tlie* 
fluid has be^vn a lighter fluid e)f lowem viscosity — must the'ii be^ 
multiplicKl by the ratiej of the density eif the h(*avy fluid to the 
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density of the light fluid, or, to put it in. general terms, by the ratio 
of the density of the tested fluid to the density of a standard fluid, 
such as water. 

The viscosity, as measured by the viscosimeter and thus includ- 
ing the effect of density, is called the kinematic viscosity, to dis- 
tinguish it from the true, or absolute, viscosity. The unit of kine- 
matic viscosity is the absolute viscosity divided by the density. 

M 

y = — 

P 

where v ~ kinematic viscosity 

U = absolute viscosity all in any consistent system of 
p = density units. 

In English units the kinematic viscosity is expressed as the 
absolute viscosity in lb. sec./ft.^ divided by the density in slugs 
per cubic foot. [A slug is the xinit of force divided by the accelera- 
tion of gravity (32.2 ft./sec.^) and equals 32.2 lb.] The kinematic 
viscosity is in units of ft.^/sec. 

The characteristic of fluid flow that determines whether the 
flow is turbulent or laminar is the ratio of inertial forces to viscous 
forces. When the viscous forces predominate, the flow is smooth, 
or laminar; when the inertial, or weight and velocity, forces pre- 
dominate, the flow becomes turbulent. This ratio is called Reynolds 
number after Osborne Eeynolds, who first discovered the impor- 
tance of this ratio in classifying types of fluid flow. It is designated 
by the letter R and is written as 

^ Vdp ^ velocity X diameter X density 
p absolute viscosity 

Since v, the kinematic viscosity, = p/p, it can be substituted in 
the formula, which then takes the form 

^ Vd velocity X diameter 
V kinematic viscosity 

This ratio is nondimensional ; i.e., when a consistent system of 
units is used, the result R is the same. 
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The general formula for resistance to flow through a pipe is 


h - 


/ 


d2g 


where 


V = velocity of flow. 

L = length. 

d = diameter of pipe. 

g = acceleration of gravity. 

/ — friction or resistance factor (oxi:>enmentall3^ deter- 
mined). 

h = resistance to fio'w through a pipe expressed as head of 
fluid lost in a length of pipe L, 


This can be shown graphically by imagining a pipe with two stand- 
pipes on it, spread a distance L apart. The difference in height to 



Fig. 14. — Head loss due to fluid friction. 


which the fluid will rise in the pipes represents the head lost owing 
to resistance or fluid friction in the pipe, as in Fig. 14. 

Since it has been seen that, the type of flow d(*i)ends on the 
Iteynolds number, it should be possible to ])lot/ against li and gtd. 
consistent results. This has beem done ])y numc^rous (‘xpca-inuniters, 
with consistent results, which produce; the curve shown in Fig. 15. 

It can be seen from this curve; that there is a ve‘ry d(‘fiiiit(; 
change from laminar to turbuleuit fle)w in the re^gion e;f R = 2()()(). 
It can also be se;en that near the critical re‘gie)n th(‘ flow is unstable' 
and may be either laminar or turbulemt. Te) be; conse'rvative in 
this region and to simplify the calculatie>ns fe)r re*sista.nc(‘ the* 
turbulent-flow line is ofte'U exteneh'el inte> the* re'gion of lowe*!* 
Reynolds numbers until it inlnnsects the* laminar-flow line* as shown 
by the elejt-dash line in Fig. 15. This give's a- Re'ynolds nurnlx'r for 
the change from laminar te> turbul(*nt fie)w e)f lOSO. 

In aircraft work, it is usually unne;ce*,ssary te) eonside'r the* e'ffe'efl. 
oi roughne.'ss inside the pi})e; eai rc'sistance te) fle)w. The; e'ffeet of 
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roughness is small in the laminar-flow region but may increase the 
value of / up to double in the turbulent region in the case of very 
rough pipes. 

Formulas have been derived from experimental results and 
theory for variation of / with E for smooth pipes. 



Fig. 15. — Friction factor vs. Reynolds number. Refer to formulas for exact values. 


For laminar flow the foimula is 



For turbulent flow the formula is 

500 

/ = 0.0056 + ^3 

Formulas have also been derived for fluid resistance directly, such 
as Poiseuille’s formula for head lOvSS in the laminar-flow region, and 
the Bazin, Ch^zy, and numerous other empirical formulas for 
fluid resistance in the turbulent-flow region. 

Because for rapid calculation of fluid resistance it is desirable 
to construct a chart from wfliich the head loss or, as is more con- 
venient in aircraft work, the prevssure loss, can be read directly, 
these formulas are of little interest here. Therefore, only the 
formulas previously given, which cover all cases and consequently 
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can be used when the problem in hand is outside the range of the 
chart, will be considered, in order to avoid confusion. 

Such a chart, which can be used for rapid determination of prcvS- 
sure loss due to flow in pipes, is given in Fig. 16. The formulas 
given above must be used when a problem is outside the range of 
the chart. 

The viscosity is given on this chart in S.S.U., or Sayholt uni- 
versal seconds, which is the unit of kinematic viscosity most com- 
monly used in the United States; it is also given in centistokes 
(c.g.s.) and in English units. 

The chart is used as follows: Suppose it is desired to find the 
head or pressure lost when a light oil (Sperry Servo oil) at a tem- 
perature of 70° flows through a 1-in. tube 15 ft. long at a rate of 
4 g.p.m. Starting at 4 g.p.m. on the left-hand scale of the chart, 
travel down and toward the right along the sloping line until the 
vertical line at 1 in. inside diameter is intersected. From this point, 
travel to the right until the line sloping up and left from 170 S.S.U, 
(the viscosity of Sperry Servo Oil at 70°) is intersected. From 
this point, travel vertically upward until the line running down- 
ward and to the right from 1 in. inside diameter is intersected. 
(In some cases the dotted line running up and left from the Iowcm* 
line size scale is intersected first.) From this point, run to the 
right until the head-loss scale is reached. From this scale tlui head 
loss for a 1-ft. length of pipe is read. Multiply this value by 15 
(the length of pipe in this case) to get the head loss in 15 ft. of pip(^ 
(if the dotted pipe-size diagonal line was used, multiply tlui luuid 
loss by 100). 

To get pressure drop instead of head loss, procec^d exactly as 
previously described; but when the head-loss scale is reached con- 
tinue to run to the right but slightly downward, along the slightly 
sloping line until the vertical line through the specific gra\'ity of 
the fluid is intersected, and from this point run horizontally to th(‘ 
pressure-drop scale. From this scale the pressure droj) for a 1-ft. 
length of pipe is read, which must be multiplied by 15 to g(*t th(‘ 
pressure drop for this case (if the dotted pipe-siz(^ diagonal lin(‘ 
was used, first multiply the pressure drop l)y 100). 

If the chart did not cover tlu^ ])ipe-size, flow, etc., for whicli it 
was required to find the pressure droj), it would h(‘ nc'ca^ssary to 
calculate it. To do this, thc^ formulas prciviously givcui can be us(^d. 




Inside Diame+er-lnches 



1X) Cen+isiokes 
= .01 
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First, it must be found whether these particular conditions produce 
laminar or turbulent flow. This can be done by calculating the 
Reynolds number, which will show whether the flow is laminar or 
turbulent. If li is above 2000, the flow is turbulent; if below, 
laminar. 

R = y dp/ p. Since absolute viscosity /ul is in poises, which is in 
c.g.s. units, and since in the determination of R the units must be 
consistent, conversion factors must be applied to convert V and 
d into c.g.s. \mits. 

The calculation of the example now proceeds as follows: 

V = ^ y (cu.m./gal.) = 49 8 cm /sec 

1^ X 0.7854 X 0.3937 (to convert to cm.) , , 10^/ ^ 

X 60 (to convert to seconds) ^ 

= 1 X 2.54 (to convert to cm.) = 2.54 cm. (= 0.083 ft.) 

p = 1 (water, gm. /cu.cm.) X 0.87 specific gravity = 

0.87 gm./cu.cm. 

p == 0.296 poise 





49.8 X 2.54 X 0.87 
0.296 


372 


Since R is under 2000, the flow must be laminar. In calculating 
the value of /, the formula for laminar flow is used. 



64 

372 


0.172 


By using these values in the formula for head loss, there is obtained 


A =/ 


y^_ 

d2g 


0.172 X 1.63^ X 15 
0.083 64.4 


1.3 ft. head lost 


which agrees with the value obtained from the chart within the 
usual limits of accuracy of such charts. 

Fluid resistance may be obtained from the chart in two forms, as 
head loss and as pressure loss. These terms have the same mean- 
ing, for ])r(‘ssurc within a fluid column is developed by the weight 
of th(‘ fluid luaid above the point where the pressure is measured. 
J^r(‘ssure is a more convenient measuring unit for aircraft hydraulic 
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work, however, for a pressure of 1 Ib./sq. in. will always do the 
same amount of work, whereas the work that can be done by a 
head of 1 ft. depends on the weight of the fluid used. Because the 
pressure is equal to the weight of a column of fluid above the 
point where the pressure is measured, it can be seen that pressure 
p = pJi where all the units are in a consistent system, as p in 
pounds per square inch = weight in pounds per cubic inch X head 
in inches. For water, p in pounds per square inch = 0.0363 X 
head in inches, or 0.435 X head in feet. For any other fluid, 
p — 0.435 X head in feet X s, where is the specific gravity, 
which is the ratio of the weight of the fluid to the weight of an ecpial 
volume of water. 

Of course, in an actual airplane system pressure is never produced 
by a head of fluid but rather is the result of mechanical force such 
as the pressure of a piston on a body of fluid in a pump. In this 
case, ''head’' means the height to which fluid would ris<^ if a sight 
gauge were to be put on a pressure line, which is usually such a 
great height that the pressure could not possibly be measured in 
this manner. The only occasion for using head as such is in suc- 
tion lines to pumps, where the height of the reservoir above the 
pump may produce an appreciable pressure at the pump inU*t. 

Because it is often used in hydraulic textbooks, it has been 
included here; but, in practical work, pressure drop in linens is njad 
directly from the chart (Fig. 16). 

To sum up briefly the subject of fluid resistance diu^ to flow in 
pipes, it can be said that the resistance is du(‘, to the sh(‘aring Ik‘- 
tween adjacent parts of the moving fluid, which may Ix' in a 
laminar or turbulent state of flow; that the r(ssistanc(‘ depc'uds on 
the viscosity of the fluid; and that this resistance* can b(‘ calculat(*d 
but can be much more easily detennined from a chart const i*uct(‘d 
to cover the ranges of flow, pipe size, and viscosity most oft(‘n vn- 
countered in airplane hydraulic systems. 


FLOW THROUGH ORIFICES AND AT CHANGE OF SECTION IN PIPE 

Resistance to fluid flow in hydraulic systxnns can lx* cr(‘at(‘(l in 
two ways, by resistance to flow in pipes caus(*d by tin* sh(*aring 
action of flow in a viscous fluid, and by turbul(‘nc(‘, causing (‘n(‘i*gy 
loss at changes of section in pi]K*s or at oriflcf‘s. To un(l(‘rst;ui(l 
how resistance can be cn*ated, ?.c., how h(‘a.d can !><* lost, at a 
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change of section, it is necessary to consider what happens when 
the fluid flows past certain types of changes in section. 

First, however, a few fundamental concepts must be clearly 
understood, as follows: (1) the meaning of energy, and the differ- 
ence between potential and kinetic energy; (2) the fact that in 
ideal fluid flow, in which there are no losses, the sum of potential 
and kinetic energies, i.e., the total energy, must be the same 
throughout the entire system. This latter principle is known as 
that of the conservation of energy and, in its apphcation to 
hydraulics, as Bernoulli’s theorem, after the Swiss who first applied 
this law to hydraulics. 

Energy is the capacity for doing work and is measured in the 
same terms in which work is measured. If a force of 1 lb. moves 
through a distance of 1 ft., 1 ft. -lb. of work is done. From this it 
follows that work is equal to a force times the distance through 
which it moves and is expressed in force times distance units. If 
a 1-lb. weight is suspended 1 ft. above the floor, it is capable of 
doing 1 ft.-lb. of work before it comes to rest. Since this is capacity 
for doing work, it is called energy; and since it is at rest, it is called 
potential energy, to distinguish it from kinetic energy or energy of 
motion. Thus, the 1-lb. weight suspended 1 ft. above the floor 
is said to have a potential energy of 1 ft.-lb. 

If the same 1-lb. weight is rolled along the floor at a certain 
speed, it will have no potential energy since it cannot fall any 
distance; but since it obviously has the capacity for doing work, 
it must contain another kind of energy. This is kinetic energy, or 
energy of motion. This energy can be transfoimed into work by 
directing the moving weight against some object requiring force to 
move. While the moving weight is decelerating, it will continue to 
give up energy and do work until it comes to a standstill, when it 
will have no remaining capacity for doing work, i.e., no potential 
or kinetic energy. 

The kinetic energy in the moving weight can be transfonned into 
potential energy by guiding the moving weight up a track, which 
will cause it to slow down. When it has stopped, all its kinetic 
energy has been transfoimed into potential energy. In reversing 
the process, where a 1-lb. weight is released 1 ft. above the floor 
there are no appreciable losses involved, and all the potential energy 
will be converted into kinetic energy at the time the floor level is 
reached. From this the conclusion can be drawn that the kinetic 
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energy of a body moving at a certain velocity can be exprewsed as 
the weight of a body times the height from which it would have to 
fall to produce that velocity. 

The applicable formula, which can be found in any pliysics 
textbook, is h == V^l2g. 

Upon putting in the weight factor, whicli normally is canceled 
out because in the case of fluid flow th(‘, flcnv is thc^ same at any 
point and therefore W (in unit time) is th(^ samc^ weight at any 
point and may be canceled out, there is obtained Wh ( = potential 
energy) == 'WY'^ /2g (= kinetic energy). It also ai)pears that when 

th(u*(i are no losses th<j sum of the 
potential and kinetic energies is 
always constant, which is the prin- 
ciple of conservation of energy. 

With these fundamental princi- 
ples in mind, the sul)ject of flow 
through orifices and at local 
changes of section in pipes will 
now }>e discussed. The simpk^st 
case, that of fiow^ f rom the orific<^ 
into the open air, is exemplified in Prig. 17. A particle of fluid at A 
has stored up in it potential energy e{iual to its weight tim(\s th(‘ 
distance it can fall, h. When the partick* of fluid reaciu^s B, it. h{*ing 
assumed that the head of fluid above it is still erpial to /?, th(^ po- 
tential energy due to its height has be(‘n transform(‘d to a difTerfuit 
form of potential energy, in this case pressure, du{‘ to tin* w(*ight of 
fluid above it. A particle of fluid at C, just (‘nt(*ring the orific(‘, 
also has a pressure potential energy in it efpial to its weight tim(‘s h. 

However, as soon as it is outside the orific(‘, at I), it can have 
no pressure, since it has no restraining walls, hut now is moving 
fast and has its energy in the form of kinetic eruu-gy. Its velocity 
at this point can he found by re-arranging the- formula h = i%g to 
get Y = ^2gh. 

By the time the partick- of watcu* has n‘aclH‘d K, all its kiindic 
energy has been conve-rted into potcaitial (‘n{U'gy> which (-an h(‘ 
seen to ho the same, (Jii the assumption of no losses, of course^, as 
that of a particle at A . In falling from K to F the pot(‘ntial (*n(‘rgy 
is changed again to kinetic ericngy. But: now a difhu'tuit fa<*tor 
comes into play; and hy the time th(‘ particle, which had all its 
original energy remaining at F, has com(‘ to n‘st in t}u‘ tank into 



Fig. 17. — Flow through orifices. 



FLOW OF FLUIDS 


21 


which the jet is falling, all its original energy has been dissipated, 
since it has no height or velocity. This energy is dissipated by 
turbulence causing local shearing forces to be set up between 
adjacent particles of fluid and thus causing fluid resistance with 
consequent loss of energy. This energy is not actually lost but is 
converted into heat and thus cannot be used to do useful work, in 
the sense in which the term ''useful work'' is used in hydraulics, 
i.e.j mechanical work. 

At any point between those noted on Fig. 17 the energy of the 
particle of fluid is in part potential and in part kinetic. 

It has been seen that the velocity of flow through an orifice 
= -\/ 2gh. The quantity of fluid that will flow out the orifice in a 
given time depends on the area of the stream and is obtained 
by multiplying the area of the stream by the velocity. When Q 
is the quantity of fluid flowing in' a 
given time, the formula for discharge 
is Q = A (stream) X V. If all the 
terms in the equation are given in a 
consistent system of units, the dis- 
charge will be in those units; for in- 
stance, if foot-pound-second units are 
used, the result will be in cubic feet 
per second. 

But the area of the stream is not necessarily the same as the area 
of the orifice. If the orifice is smoothly rounded on the entering 
side so that the flow lines are straight after leaving the orifice as 
in Fig. 18, the stream is the same size as the orifice, and the formula 
previously given may be used, with A as the area of the orific e as 
well as the area of the stream, and with the theoretical 
substituted for V, giving A '\/2gh. If the orifice is of any other 
shape, however, the area of the stream will be different from the 
area of the orifice and the velocity may not equal the theoretical 
because of losses. 

The difference between the area of the orifice and the area of the 
stream is taken care of by introducing a coefficient of contraction. 
This coefficient is the ratio of the area of the stream to the area of 
the orifice. It is called the coefficient of contraction because of the 
contracted or reduced section of a stream issuing from a sharp- 
edged orifice, as in Fig. 19. This contraction is caused by the 
inflow velocity of the fluid approaching the orifice. 



Fig. 18 . — Rounded orifice. 
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The difference l)etvveen the velocity of tlie fluid leaving the oi-i- 
fice and the tlieoretical velocity is taken care of l>y introducing a 
coefficient of velocity. This coefficient is the ratio of the aci.ual to 
the theoretical velocity. The reduction in v(jlocity is caused by 
drag, or fluid resistance, in the orifice and is found wIkuk^vcu- there 
is fluid resistance due to excessi\ai wetted surface in th(* orifice or 
wherever there is turbulence within the orifice. A ty^pical case of 




Fig. 19. — Sharp-edKcd orince. Fio. 20. — Short-tulx? orifirc*. 

reduction in velocity is encountered in a short tulx* in which 
turbulence causes fluid resistance, which r<‘sults in loss of en(*rgy 
with resulting reduction in velocity, as in Fig. 20. 

Since the discharge through an orifice (Hjuals tin* acdual area of f lu* 
orifice multiplied ])y a coeffici(‘nt of contraction, tinu‘s IIk* tlieoret- 
ical velocity multiplic'd by a coeffichait of v(*lo(uty, both of whi(di 
coefficients depend on th(^ physical characthu’ist ics of th<‘ orifice, 
it is evident that the formula can Ix' simi)lifi(‘d by multiplying tlu^ 
coefficients of contracti(rn and v<‘locity to g(*t a co(‘f!i<uent of dis- 
charge for any orifice. When this is <lon<‘, the coiurnonly us(*d 
formula for discharge' through an orifice n'sults. 

Q = Cu X .1 orifice X V'iff/i 

This formula can be us(‘d with any consist(‘nt system of units. 

In flow wholly within a pip(‘, th(' sarm* principles apply as thosf* 
which ai)])ly t(j a fr(‘(‘ j(‘t, but tiny an' p(‘rhaps moiM' diflicult to 
visualize'. In coiisidc'ring a having a r(‘duc(‘(i .'^(‘ction with no 
abrupt changes in s<‘ction so that, no turhuh'ncf* lo.<ses o<‘{‘ur (the 
losses due to fltiid resistanc<‘ in th(‘ pip(' can b(‘ cah'ulatc'd sep- 
arately), it is seen from the principk' of cons(‘rvat ion of (*n<‘rgy 
that since the velocity is increased at tin* reducf'd sfx-tion, and 
therefore the kinetic energy is incn'ased (sinc<‘ tie* (puintity of 
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fluid flowing is the same), the pressure in the reduced section must 
be correspondingly decreased to reduce the potential energy and 
keep the total the same as the total energy in the pipe outside 
the reduced section (see Fig. 21). If, however, the expansion, in- 
stead of being accomplished gradually, without losses, is accom- 
plished suddenly) turbulence and therefore fluid resistance occurs. 
The energy loss that occurs results from the slowing down of the 



Fig. 21 . — Flow through pipe at reduced Fig. 22. — Flow at abrupt exit 

section (gradual contraction and gradual from reduced section (sudden ex- 
expansion) . pansion) . 


fluid stream without a compensating increase in pressure (see 
Fig. 22). 

Since the kinetic energy in the stream and hence the energy loss 
is independent of viscosity, the fluid resistance due to flow past 
sudden change of section in pipes differs from fluid resistance due 
to flow in straight pipes in that viscosity does not enter into the 
calculation of the resistance and therefore the resistance measured 
as head loss is independent of temperature, although the pressure 
loss varies with the specific gravity, which varies slightly with 
temperature. Except in special cases, it is sufficiently accurate 
to take an average specific gravity and neglect the effect of change 
of specific gravity with temperature. 

To return to the case of energy loss due to sudden expansion, the 
kinetic energy in the reduced section, in which the fluid is flowing 
at a velocity Fi, is Vi^/2g and the kinetic energy in the enlarged 
section after the sudden expansion has taken place is /2g. The 
energy loss is the square of the difference in velocity, or 

(Fi_- Fo)2 
2g 

The effect of the energy loss on the pressure in the system is to 
reduce the pressure in the pipe after the sudden expansion below’ 
what it w^ould be if there were no energy loss. It therefore repre- 
sents a pressure drop that must be added to the pressure drop 
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resulting from flow resistances to g<st. the total pn^ssure drop in a 
line having changes in section. 

The amount of this change in pressure can bts calculated by first 
calculating the pressure in the pip(^, on the assumption of no encjrgy 
loss, and then subtracting the pressure?! lost due? to turbuhmcc^ 
The pressure in the pipe after the e^xpansion, on the* assumption of 
no losses, can be calculated by re?memV)ering that the* i>ote*ntial- 
energy pressure increase must just l>alance* the kin(*tic e*nergy 
decrease since there is the assumption of iu> losse*s. ''Fhus 


Pi + 


2fir 


P 2 + 


2^ 


/>2 = Pi + 




2(7 


Then the energy 1o.sk is calcnlat<id 1)3' tlu‘ fornuila 

_ n'l 

'2g 


with the resulting final preasure in the enlarged section afU-r the 
sudden expan.sion equaling 


Pi + 


Vi^ - (Vt - 


2(7 


2(7 


If Pi is omitted, the* remainder of the? e‘eiuation is the? eihange* in 

pressure rcvsulting from the* flow fre>m a small jiipe? past a sudde‘n 

expansion into a larger pipe. In these eciuatieins, P is in h(?aei, and 

a ce)nve*rsion factor must be* appli(*d 

to get the rf‘sult in pre*ssur(*. 

Of the? four possilile ciise*s of change? 

in section, gradual (‘xpansion, graelual 

contraction, sudele‘n expansion, and 

Fig. 23.— Flow at abrupt en- sudden contra<?t.ie)n, the first thr(‘e? 

trance to reduced seettion (sud- hee?n conside*re‘(L For the* case? 

den contraction). 

of sudd(?n contraction, se*e‘ Fig. 23. 
There is no loss resulting directly freini the cemtraction, since* 
the flow lines are smooth and without turbule*nce*; Init the^re* is a 
loss resulting from the sudden expansion following the* contraction 
due to the inflow of the fluid approaching the orifice*. This has 
been experimentally determined for various ratios of diain(‘t(‘r of 
large to small pipe and will be plotted on the following charts. For 
entrance from a large vessel into a pipe the* energy loss is half the 
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loss that would result if the flow were reversed at the same velocity 
of flow in the pipe; it is represented by the formula, for this specific 
case, loss = 0.5(yi — Y^^/2g, Since Yo, the velocity in the large 
vessel, = 0, the formula reduces to the form 0.5 Y^/2^. 




.5 .6 .7 .8 .9 1.0 

Fig. 24. — Pressure and energy changes, sudden contraction in a pipe. 

Vi^ 

Energi” loss = Cel X — 


Cel ~ 0-5 — 0.5 i 


(empirical) 


Pressure (head) decrease • 


Fo2 „ ,, Fi2 

; + Cbl — = CPD 


Any consistent system of units may be used. 

When ft.-lb.-sec. units are used, result is ih feet head of fluid. 

To get the 'pressure change for the case of entrance to a pipe, the 
pressure drop due to the above energy loss must be added to 
the pressure drop (on the assumption of no losses) resulting from 
speeding up the flow. This is the same procedure as that followed 
in the case of sudden expansion except that, in this case, pressure 
reductions are added instead of a pressure reduction being sub- 
tracted from a pressure increase. The resulting formula is 


F (reduction) = 


Yi^ - Yo^ , 0.5 (Yi - Y())2 
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If instcMid of a larger v(‘ss(‘l a larjiior pipe is iis(‘<l, for whicli the 
ratio of diameters has a, finite' value, the formula lias the sa,nu‘ form 
except that the coefficient 0.5 is eiiff<*re‘ntfor eveny rat io of diameters, 
approaching 0 (he., kjss tiirbule'nce) as the diameters approach one 
another. 

In the calculation of tlie^ lessees ehu' to cliange's of sention in a 
hydraulic system, eithen* energy loss or i>r{‘ssure change can be 



Fio. 25. — Pressure and energy chunges, gradual contraidinn in a pifK*. 
Energy loss = 0 


Pressure (head) de<TeaH(? = ; — —A- as e'/*/; 

Any consistent system f)f units may Ik* uh(;<1. 

When ft.-ih.-sec. units are used result is in feet hetui of Hui<i. 


VA 

-V/ 


used, with the same final rttsult provid(‘d that th(‘ sam(' method is 
followed throughout tlui (mtin? system. 

To reduce the re(iuired calculation to a minimum tin* charts in 
Figs. 24 to 28 have been plotted. In constructing th(‘s(‘ charts all 
the necessary corrections have ])C{m applied to t in* co('fficients so 
that to get the energy loss or pressure chang(‘ at. chjinge of s(*ction 
it is necessary only to select the proper co(‘ffici(‘nt, from considera- 
tion of the type of change of section and th(‘ mtio of tin* dianuders 
or areas, and multiply by Vr/2g wIk'H' Vi is always the* velocity 
at the small sc'ction. 

The multiplying factor has been kept as V“/2r/ so that any con- 
sistent systems of units may be used. Th<‘ n^sult, of course*, conu*s 
out as feet head, which must be* converted to prc'ssun*. Hv using 



FLOW OF FLUIDS 


27 


Fig. 28 in combination with Figs. 24 to 27 the pressure drop can be 
found without calculation. Figure 28 is a chart for finding the 



Any consistent system of units may be used. 

When ft.4b.-sec. units are used result is in feet head of fluid. 


pressure drop through an orifice for a coefficient of 1.00 when the 
flow and the orifice size are known; i.e., it is a plot of V^l2g includ- 
ing the proper correction factors to get the result in pounds per 
s luare inch pressure drop. Since Figs. 24 to 27 give the coefficient 



Any conisistent system of units may bo used. 

When ft.4b.“Se(r. units are used result is in feet head of fluid. 
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for flow past various t.yi)es of changes of s(*ctioii, the* actual pre^ssun^ 
drop in pounds per sejuare inch can he found hy multiplying the 
pressure drop from Fig. 28 by the proper* coeffici(*nt fi’om Figs. 
24 to 27. As an example, if it is desired to find th<‘ (uaTgy loss at 
the entrance to a pipe 3^ in. outside diani(‘tc‘r X 0.035 in. wtdl, 
with a flow of 12 g.p.m,, it can be calculatcal from Fig. 24 (sudd(?n 
contraction) that the energy loss will l>e 


Cel 


2g 2 X 32.2 


5.4 ft. hcml 


and that the reductiori in pressures will b(^ 


Zl 1 5 
2g 2 X 32.; 


16.2 ft. lu^ad 


When using Fig. 28, trace from 12 g.p.m. in the lc‘ft-hand columir 
over to H X 0.035 and down to a pressures drop (c = l ) of 4.08 
Ib./sq. in. Then the energy loss will be 0.5 X 4.08 = 2.04 Ih./ 
sq. in., which agrees with the calculated figure of 5.4 ft. head, and 
the pressure reduction will be 1.5 X 4.08 (from Fig. 28) or 6.12 lb./ 
sq. in., which agrees with the calculated figure of Hi. 2 ft. luml. It 
must be understood that to obtain the total (UHU'gy in for)t~pounds 
lost in a given space of time the energy loss (^xprewseni as h(‘ad loss 
must be multiplied by the quantity of fluid flowing. In thc^ (uis(* of 
a head loss of 2 ft. and a flow of 1 cu. ft. ((>2.5 lb.) of fluid, in t his 
case, water, the energy loss is 2 X 62.5 = 125 ft. -11). If the loss 
is expressed as pressure in pounds per scpian^ inch, which in tins 
case would he 0.87 pounds per square inch, thf‘n th(‘ r(‘sult is 0.87 
Ib./sq. in. X 144 (to get pounds per squan? foot) X 1 cu. ft . = 125 
ft.-lb. energy loss. 

However, it is more convenient to work with loss and 

pressure reduction expressed as fe(‘t-head or pounds p(‘r s(}uan‘ inch 
rather than foot pounds since these fonm^r valu(‘S ar(‘ iiid(‘pen(l<‘nt 
of flow. 

It has already been shown l)y an exami)l(‘ how t h(‘ line-lo.ss chart 
is used in detennining the pressure drop in a lira' in an air{)lan(‘ 
hydraulic system. The use of the orifice charts in d(‘termining th(‘ 
pressure drop in fittings is somewhat mor<‘. cornplieat(‘d. h'irst- a 
sketch of the fitting is drawn, as, for exampl(‘, th(‘ ch(*ck val\'f* of 
Fig. 29. In this check valv(; the flow consists of a suddtsi (‘Xpan- 
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sion at a, gradual contraction at h, sudden expansion at c, gradual 
contraction at d (no turbulence and, therefore, no loss occur at 
entrance since the plate is so thin; all loss is taken care of in con- 
dition e), and sudden expansion at e. 



The calculation would be as follows: Flow is assumed 12 g.p.m.; 
and diameters are as noted in Fig. 29. (Note that areas have 
been converted to diameters of the same area to facilitate use of 
the charts, which are plotted as diameters.) 


Point 

Condition 

d/D 

Cp, 

Figs. 24-27, 
+ increase 
— decrease 

Pressure 

a = 1, 

Ib./sq. in., 
Fig. 28 

Pressure 
change, 
Ib./sq. in., 
+ increase 
— decrease 

a. 

Sudden expansion 

0.5 

+0.38 

2.25 

+0.85 

h. 

Gradual contraction. . . . 

0.5 

-0.93 

2.25 

-2.09 

c. 

Sudden expansion 

0.503 

+0.38 

2.25 

+0.85 

(L 

Gradual contraction. . . 

0.36 

-0.98 

9.30 

-9.13 

e. 

Sudden expansion 

0.73 

+0.50 

9.30 

+4.65 


Total pressure drop, 






11). /sq. in 




4.87 








The viscous resistance has been neglected since the pipe length used in cal- 
culating the viscous resistance includes the fittings. Viscous resistance cannot 
he neglected if a fitting having a reduced section of appreciable length is used, 
however, as the resistance of the high-velocity flow will be greater than the 
resistance of an equal length of the basic pipe size. 

Thus, the pressure drop through this fitting is 4.87 Ib./sq. in. at 
12 g.p.m. ; and since V is directly proportional to flow and pressure 
drop varies with this pressure drop will vary with g.p.m.^ just 
as in an orifice. 
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For handy calculation, this fitting can be replaced with an orifice 
having the same j)ressure drop and flow characteristicvs. From 
Fig. 28 the orifice having a pressure drop of 4.87 Ib./scp in. at 
12 g.p.m. is 0.42 in. in diameter. Therefore, in all future designs 
in which this check valve is used, it is only nc^cc^ssary to add the 
loss from Fig. 28 for a 0.42 in. orifice to tlie other pressure losses 
to account for the loss through the check valve. After a little 
experience a table of ^‘equivalent orifices’^ will have worked 
up by calculation or test for the most commonly usexi check valves, 
elbows, and similar fittings, from which values can l>e taken for 
calculations for any new syste^m. From inspection of the table, 
the equivalent orifice for new fittings or fittings of unknown 
internal dimensions can be estimated with fair accuracy. The 
accompanying Table I is such a table. 

Table I. — EQmvAi..ENT Orifices eor IlYi>HArLKi Tnith 
(To be used with Fig. 28 in determining pre.ssur<^ drop through units) 


Unit 

Size, in. 
(O.D. of 
connecting 
tubing) 

Equivalent 
orifice, in. 
(diameter) 

Ball check (globe type) . . 


0.090 


3,0 

0.185 

0.180 

Ball check (straight, flow) 

H 

0.175 


3 

0.200 

0.850 

Pcjppet 4-way valves. . . . 

✓ - J 

0.077 


Ls 

1,/ 

0.120 

0 . 1 54 

Lapped slide valves. . . . 

" s 

0 . 1 25 

0. !S7 



0.250 


Remarks 



Kor flow from ‘qh^essure” 
to “( ’ylindor’' or '‘(">*1” 
in<l(*r” to “HcMurii" 

t'or flow from “Prossuro’' 
to “(\vlind<‘r” or 
iii(l(‘r” to “Return” 


To sum up bri(‘Hy tli«‘ subj(»ct of fluid r(‘si.stanc(‘ du(‘ to flow 
through ()nfic(‘S nnd (‘hang<‘s of section, it can !)(‘ said that the* 
resistaiic(‘ is d\i(‘ to tli(‘ t url)iil(‘nc(‘ n^suiting wluui th<‘ flowing tiuid 
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is slowed down suddenly, that it is independent of temperature, 
and that it can be calculated but can be much more easily deter- 
mined from a table of equivalent orifices constructed to cover the 
types of fittings most often encountered in airplane hydraulic 
systems, together with a chart for determining the pressure drop 
through these equivalent orifices at various flows. 



CHAPTER III 


HYDRAULIC SYSTEMS 


DEVELOPMENT OF THE MODERN HYDRAULIC SYSTEM 

In Chap. I, a hydraulic system was defined and a basic system 
was described, consisting of a revservoir, pump, valves, cylinder, 
and lines connected as shown in Pig. 30. 

Hydraulic systems in modem airplanes arc far more complex 
than this basic system, but their develoimient has |)roc(XKle(l by 

logical and necessary stei)s from the 
basic system. Probably thc^ l)est way 
to understand the modern airplane 
hydraulic syshiin is to follow its de- 
velopment from the basic system. 

Airplanes of a few years ago, when 
they had a hydraulic system at all, 
used a system almost identical witli 
the system shown in Fig. 30. That 
is, they had a fluid-supply nwcrvoir, a 
pump, Uvsuall^y manually opeirated, a 
valve, and one or, if a landing gear 
was to be retracted, usually two opcu- 
ating cylinders. Thus th(‘ first ‘addi- 
tion to the basic system that was found necessary was the addition 
of another cylinder, so that retractable landing gears could Ix^ 
conveniently operated. 

Such a system is shown in Fig. 31. As shown by t h(‘ dot ted lines 
and cylinders, any number of cylinders can be addexi on oru^ valv(‘ 
circuit as long as they arc added in parallel rather tlian in seri(‘s. 
Since the pressure is equal throughout a hydraulic syshun, (ixc(‘pi 
for line loss, which is small compared with the [)ressur(‘ a\'ailable, 
the unit that requires the lowest pressure to move will o])(‘rat(^ 
first; in fact, if it continues to have the light(^st load, it will con- 
tinue to move until it reaches the end of its trav(‘l, wluai t h(‘ pn‘s- 
sure will build up until it reaches a valuer sufficient to move the 
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Fig. 30. — Srhematio diagram of 
basic airplane hydraulic system. 
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next most lightly loaded cylinder, when this cylinder will start 
to move. This process of increasing pressure continues until the 
cylinder that requires the most pressure to make it operate has 
reached the end of its travel. 

Thus it can be seen that a system of cylinders in parallel is not 
synchronized and the sequence of operations is determined by the 



Fig. 31. — Schematic diagram 
showing addition of cylinders 
in parallel to basic airplane hy- 
draulic system. 



Fig. 32. — Schematic diagram 
showing addition of cylinders in 
series to basic airplane hydrau- 
lic system. 


loads on the cylinders. This explains why, in landing gears re- 
tracted hydraulically, one wheel often retracts completely before 
the other starts to retract. The wheel that retracted first had 
less air load, less bearing friction, or a slightly lower weight or for 
some reason required a lower pressure to operate. 

If cylinders are hooked up in series, as in Fig. 32, rather than in 
parallel, an entirely different condition results. Fluid is now 
trapped between the cylinders with no possible way to return to the 
reservoir. When the valve is operated, this trapped oil will be 
forced from the first cylinder into the second and from the second 
into the third, this process ensuring that all three cylinders, if they 
are of the same area, move at the same rate. Unfortunately the 
trapping of fluid between one cylinder and the next introduces 
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seiiious complicationH into the dasign of the syst(^m. A huikage, 
however slight, of the fluid trapped l)etw(‘<‘n th(^ cylinders will 
result in the cylinders getting out of synchronism, for when the 
first cylinder has reachcKl the end of its travel tlie* second cylinder 
has not quite reached tlie end of its travel owing to th(‘ smaller 
quantity of trapped fluid remaining aftcT l(‘akag(^ A similar prob- 
lem, but in the reverse order, occurs whem th(‘ trappeni fluid ex- 
pands as a result of an increase in tempcTatur(^ Th(^s(‘ prol)lems 
can be overcome by the use of synchronising valv<\s arranged to 



Fio. 33. — Schematic diagram showing addition of valvos to basic airplane 
hydrauli<^ Hystern. 

open automatically when the cylinders r(‘ach tlic^ ends of th(*ir 
travel, thus permitting a flow of fluid to nqdactj l(‘akag(\ 

A further disadvantage of series cylinder arrangt^nuaits is 
excessive weight, for each cylinder must be d(‘sign(‘d for the full 
displacement rather than the displacemc'nt being divid(*d })etw(‘eii 
cylinders as is the case in parallel arrangf^mc'iits. lliis r(\sults from 
the fact that in series arrangements t-h(‘ |)r(‘ssur(‘, rath(‘r than tlie 
volume, is divided between the units in the system. 

Because of these disadvantages, tin* series hookiij) is us(‘d only 
where absolutely necessary. The dcdails of tlu‘. (h^signing of s(mies 
systems are covered in a later chapt(‘r (C'ha,p. VIII) on Dc'sign of 
Special-purpose Units. 

The next addition to the hydraulic syshan aft(‘r th(‘ us(^ of morci 
than one cylinder on one valve circuit canu‘ whcai it was found 
desirable to use the same hydraulic system to opcu’atc^ mor(‘ than 
one service, as, for example, landing g(‘ar and wing flap. This 
requires more than one valv(‘ on the saiiu* p(jW(‘r circuit, /.c., on 
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the same pump or pumps. A system using more than one valve 
is shown in Fig. 33. 

Obviously, if all valves except one are kept shut off, the addition 
of the valves does not change the operation of the system in any 
way over the hydraulic systems previously described. If, how- 
ever, more than one valve is operated, then the system requiring 
the lowest pressure to operate will operate first and will continue 
to operate until it reaches the end of its travel or until the load on 
it increases above the load on some other cylinder. Thus the 
cylinders in a multivalve system, with more than one valve 
operated, act just as they would if they were all hooked up in 
parallel on one valve, as in Fig. 31. 

Cases of hookup or operation other than those previously cov- 
ered can all be solved by applying the following two general 
principles : 

1. Flow in a hydraulic system always tends to equalize pres- 
sures, i.e.^ to build up low pressures and lower high pressures. 

2. Fluid is incompressible, and so the volume in a subsystem 
remains the same (plus pump input minus flow to reservoir). 

Upon applying these to the case in which, after a highly loaded 
system has reached the end of its travel with its valve still open, 
the valve leading to a lightly loaded system is operated, it is seen 



Fig. 34. — Addition, of check valves to prevent interflow. 


that the fluid will flow back out of the highly loaded system into 
the lightly loaded system until pressures balance or the end of the 
travel is reached. Often, check valves or similar means are in- 
corporated to prevent interflow between valves, as in Fig. 34. 

Whenever a hydraulic system is closed off for a sufficiently long 
time to allow the temperature of the fluid in the system to increase 
appreciably with increase in outside-air temperature, it becomes 
necessary to add some means of temperature compensation, such 
as spring-loaded expansion chambers or relief valves. Relief 
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valv'es ar-c^ by far the most common nutans of tomp<‘ratun^ com- 
pensation and are used \vh(‘rever i\w low pr(‘ssur(‘ n^siiiting from 
a temp(a‘atvnti d(‘crease, following an incr(‘as<^ that, has caused 
fluid to relieved from tln.^ systcun, is not d(d.nm(uttal. ^\li[(‘r<‘ the 
pressure must be kept iip, as in parking airplanc^s erpiippeil with 
hydraulic brakes, a spring-loaded expansion chamber is reciuircd. 



Fig. 36. — Use of relief valvoH in Fk j. 30.— Ubc‘ of vjiU 

cylinder linen. in valvt? prcKHun* line. 


If the valve is kept in the oil position, it is neccssiiry to use 
a relief valve in each cylinder line, as in Fig. Ho. If the* valvt^ is 
kept in its operating positions rathm* than in tlu^ olT i)(>sition, 
it is necessary only to j^rovide a relief vaha^ in tluj prf*ssure line 
leading to the valve. This relit'f valve must l>e In'twecui the valve 
and any check valve that would pr(‘vent back flow o\it of the 
pressure line. If individual ch(‘ck valves for ])n‘V(‘n1ion of inhu- 
fiow between valves ar(‘, used in front of each val\'(‘, th<‘n a sepa- 
rate relief valve is r(*,quired for (^ach dinahional control valv(% as 
in Fig. 36. If only one check valve is providcMl into the* common 



Fig. 37. — Use of relief valv<^ in coinnum proHHiin* line. 


pressure line, only one relief valv(‘ is re<iuir(‘d, r<‘Iieving thv com- 
mon pressure line as in Fig. 37. 

A fully developed airplane hydraulic sy.*<t(‘m, from th(‘ eommon 
pressure line, or pressure manifold, onward, has now b(‘en (l(‘scril>(‘(l. 
Special-purpose units are often added, such as hydraulic landing- 
gear locks, special flap relief valv(‘s, (dc., to paMform sp(‘cial 
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functions. These units and their functions will be covered in the 
chapters dealing with the particular subsystem in which they are 
used. The system that has just been built up from the basic 
system contains only those units common to all subsystems. 

DEVELOPMENT OF THE POWER SYSTEM 

Next will be considered the part of the system that supplies 
pressure to the pressure manifold — the power system. On the 
early airplanes using hydraulic systems, the power system looked 
just as it does in the basic hydraulic system; i.e., it consisted of a 
reservoir and a hand pump. As airplanes increased in size and 
speed, it soon became obvious that the Mo tip- which it 

was possible for the pilot to develop manually was not going to be 
sufficient to perform the necessary work, such as retracting the 
landing gear, operating the wing flaps, etc., in a reasonable time. 
The necessity for retracting the landing gear in a very short time 
immediately after take-off to reduce aerodynamic drag, in order 
to allow single-engine flight after failure of one engine on a bi- 
motored airplane, also increased the horsepower required by the 
retractable landing gear on such airplanes. 

The first step toward providing increased power was the installa- 
tion of electric-motor-driven hydraulic pumps, usually of the gear 
type, in parallel with the hand pump, which was retained for 
emergency use. Various forms of control were used for the electric 
motors. Probably the simplest control was a push button, which 
had to be held on while the pump was running. In order to simplify 
the work of the pilot, most electric-motor-pump installations, 
however, used a pressure-actuated switch to cut off the motor 
when the cylinder reached the end of its travel and the pi'essure 
built up. Such a system is shown in Fig. 38. 

In this system the pilot closed the switch to start the operation, 
and the pressure build-up at the end of the operation opened the 
switch. To prevent excessive pressure build-up after the switch 
opened, due to the inertia of the electric motor, which was suffi- 
cient to drive the pump several revolutions after the switch was 
opened, it was necessary to use a pressure relief valve in the pres- 
sure line near the pump outlet. This system proved in practice 
to have one serious disadvantage : it sometimes opened the switch 
before the operation was completed. This came about because 
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the resistance to flow was high wh(‘n oil was cold, and in cold 
weatlier the r(‘sistance to flow in th(^ liiu^s, plus the* load from the 
unit being operatt^d, built up sufficient pn^ssurc^ to opcui tluj switch 
before the operation was complc4.(‘d. Also, if an acceleration or 
‘dximp” was encounter(‘d while th<^ gcair was i)(‘ing ndracted, the 
high pressure resulting from th(‘ higli loads would oixu’at.e tlic 
X)rcssii re s wi tch . 

Then^ were two cures for this trouble, the* us<* of low(‘r viscosity 
fluid in wint(}r to reduce the* fluid r(\‘<istanc(% and raising tiie kick- 
out pressure setting of the pn^ssure switch. Tlu* use of thiniKir 



Fig. — Use of (‘le.*ctric-nioa>r-<lrivm hydraiiiit* i>ump aiui proHmiro Hwitch 

in i>ower 

fluid in turn laid th(^ disadvantage that it in<!r(*as(*d Wf‘ar in pumps, 
etc., ])ecause of tiu* ])oor(*r lubrication it |)rovided. In(*.n»a.sing th(* 
|>ressuro setting had many disadvantage's. It short eraxi pump lif(‘, 
increased wrnght bc*caus(^ of tin* stronger' lines, (*ylind(‘rs, etc., 
required, and increased the maint<‘nan<a* cost of tli(‘ systian. 

A fully satisfactory solution to tin* problem of control of (‘kjctric- 
motor-driven hydraulic x)umps was never found b(a*aus(* with in- 
creasing weight and performance of airplan(‘s the powia* nspiin*- 
ments of the hydraulic system soon (‘xc(‘(‘<h‘d tlu* (‘kadric i)ow(*r 
available, and to provide more (‘leclric pow<*r in\’olv(‘d great wenght 
increases. 

The noixt type of system to conn* into us(‘ was tin* (rngiiH* jiump 
system, which is the system in use* at tli(‘ pn^siait time. 


ENGINE PUMP SYSTEMS 

Th(irc^ are tlirec iirincipal nadhods of ]mnip (‘ont rol in us(‘ in 
pn^scait aircraft hydraulic systiuiis, constant manual 

])ump !)y-pass, and automat-ic }>uin]) by-pass. 
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In the constant-pressure system, as the name implies, the pump 
delivers fluid under full pressure at' all times, excess fluid not 
required for operation of units being returned to the reservoir 
through a relief valve as in Fig. 39. 

This type of pu^p control is suitable only for low horsepowers, 
for all the excess horsepower is transformed into heat in the relief 
valve, which, if it exceeds the 
radiating capacity of the sys- 
tem, results in excessive fluid 
temperature. The commonest 
example of such a system is 
the Sperry automatic pilot, in 
which the hydraulic horse- 
power dissipated is on the 
order of hp. 

In all high-power hydraulic 
systems (with one exception) it 
is necessary to provide some 

sort of by-pass to allow the — Schematic diagram of sys- 

^ using constant pressure method of 

pump to circulate the fluid pump control. 

freely under no pressure except 

when a unit is actually being operated. This reduces the heating 
and pump wear to a minimum. 

This by-passing can be done manually by several methods. The 
commonest of these involve the use of a pressure-operated by-pass 
valve, which is set manually and kicked out by the build-up of 
pressure at the end of the operation, or of a series of by-passes 
operated by the directional control valves so that when all the 
directional control valves are in neutral the by-pass is open, but 
the operating of any one of the directional control valves will close 
the by-pass. 

The first of these methods, the manually closed by-pass valve, 
is shown in Fig. 40. The operation of a system using this method 
of pump control is as follows: When the pilot wants to operate a 
unit such as the retractable landing gear, he first moves the direc- 
tional control valve and then closes the by-pass valve, thus forcing 
the entire pump output through the directional control valve and 
into the operating cylinders- When the operating cylinders reach 
the end of their travel, the pressure builds up and kicks the valve 
out. The directional control valve may be left in position or 
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returned to neutnil wlnui tlie ()p(‘nit ion is eoiupietcnL This typ(‘ of 
control has the sanui disadv{iuta^<‘ as t<h(‘ pr(‘ssiir(M>p(‘raf (‘d switch 

control for cdectric-rnotor 
pumps provi(>usl3’- d{\scnbe(i: 
t.c., it can he kick<‘d out before 
the opei'ation is complet(‘(l ])y 
liigh fluid n^sislance frojn cold 
oil or by hi^i!:h acccdcu’ation loads 
on the unit being oixn-ated. It 
do(‘s not siitTtn* from cold-oil 
troubl(‘ to the same degrc^c as 
th(‘ (‘lectric-piiinp systenn, how- 
even*; for th(^ constant circula- 
tion kef‘ps th(^ fluid warm in the 
circulating |)art of the s^'stem, 
including pump pressure^ and 
suction lines and th(^ n‘servoir. 

Fig. 40.— Schematic drawing of Bystem systcun has tlie disaclvan- 

using manually f)pt‘ruted by pass valve. *' i - i ,t 

tages, when compared with the 

automatic-by-pass system, that it rfapiires two motions on the 
part of the pilot to perform any operation, that it is Tuihle to mal- 
function in cold weatlKu* or 
when accelerations are en- 
countered, and that it is 
heavier because of the high 
ratio between normal w*orking 
and maximum pressures. For 
these reasons, this t.ypc of 
pump by-pass is rarel.y used. 

The use of a series of by- 
passes operated by the direc- 
tional control valves results in 
the system shown in Fig. 41. 

The operation of a system 
using this method of pump 
control is as follows; When the 
pilot wants to operate a unit, for 
instance, if he wants to retract 
the landing gear, he simply moves th(‘ din^ctional eoniroi vah'e to 
the proper position, in this case th(‘ “K(‘traet” position, waits until 



Fui. 41. -Sfhernat if' diii^'rarn <if .-.wslcni 
U.siiig .st*ri<*s <4' b.S'-jja.s.s valves eja*! ati'd 
by direef iorail eontrel \ah'(‘h. 
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the gear is retracted, and then returns the valve to neutral. When 
the valve is moved to “Retract,^’ it not only directs the fluid to the 
proper cylinders, but also closes the associated by-pass valve. 
When the by-pass valve is closed, the fluid is no longer permitted 
to return freely to the reservoir but instead is forced to go into the 
operating cylinders and, after the pressure has built up at the end 
of the travel of the operating cylinders, out the relief valve. When 
the directional control valve is returned to neutral after the opera- 
tion is completed, the by-pass is opened and the fluid again circu- 
lates freely. 

This system is free from the disadvantages of the previous 
systems, but it has one disadvantage of its own. If the pilot fails 
to return the valve to neutral after the operation is completed, the 
fluid cannot by-pass freely but must go through the relief valve. 
This means that the entire pump output horsepower is converted 
into heat, which in the case of the modern airplane system is suffi- 
cient to heat the fluid to the point that the system becomes inoper- 
ative, either as a result of pump seizure or through rapid vaporiza- 
tion of the fluid. Because pilots have many duties besides opera- 
tion of the hydraulic system, this mischance has proved to be of 
frequent occurrence, usually with resulting damage to the hydraulic 
system. 

Several cures have been proposed, including time delay devices 
for returning the directional control valves to neutral after a 
reasonable time lag, pressure rise plus time delay devices, mechan- 
ical or electrical means for returning the valve to neutral by the 
last part of the travel of the unit being operated, and various other 
methods. These systems are at best added complications in an 
already complicated system and, when compared with a system 
using an automatic pump by-pass, present more disadvantages 
than advantages and therefore are now rarely used. 

When the pilot wants to operate a unit in an airplane equipped 
with the automatic type of pump by-pass, such as the system 
diagramed in Fig. 42, he merely puts the valve in the proper posi- 
tion. Opening the valve drops the pressure in the pressure mani- 
fold, causing the .by-pass to close and forcing the pump to pump 
fluid under pressure. When the pressure builds up at the end of 
the travel, the by-pass automatically opens, unloading the pump. 
If the fluid resistance is high, as in cold weather, so that when the 
full pump output is forced through the cylinder lines the pressure 
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exceeds the high limit, the by-pass opens and closes at short inter- 
vals, thus reducing the effective flow from the pump. In the case 
of a sudden accelerated load causing a temporary high pressure 
in the system the by-pass opens until the pressure drops to below 
the low limit and then closes again. 

An accumulator is generally used with automatic pump-by- 
pass systems, for several reasons. One of these reasons is that it 
provides sufficient fluid to allow some leakage without causing 



Fig. 42. — Schematic diagram of system using an automatics hy-pasK valve or 
pressure regulator. 

extremely frequent operation of the automatic by-pitss. Another 
is that it prevents shock pressures when thc‘ by-pass is opcuiing, for 
without it pressures would rise very rapidly. 

The detail hookup of the power system, including an automatic 
by-pass, will be discussed in the next chapter, l^cdorci halving th(‘ 
subject of pump control, one system should he nu^ntioiu^d that, 
although it is not in wide use at tlu^ pre^sent time, may in th(‘ 
future prove very satisfactory. This is the uh(^ of a.utomatic 
variable-displacement pumps. There are two fomis of such cont rol 
possible, variation in pump specid and variation in pump disjilace- 
ment. Of these, the pump in which th(‘ displacc^mcmt, or (quantity 
of fluid pumped per revolution, varies se(‘ms to Ixi th(^ most, prac- 
ticable and offers the most advantag(‘s. Th(U‘(‘ arc^ si-vcu-al such 
pumps on the market. The tisual control arrangcxmait is ()n(‘ t hat 
keeps the pressure in the pressur(‘ manifold constant within C(‘rtaiii 
limits. When the pressure is at th<i low limit or b(*low, tlK‘ pump 
operates at full displacement. As th(‘ pr(\ssur(‘ approach(‘s th(‘ 
high limit, the displacement is automatical ly reducial and r(‘a<^h(‘S 
7jevo at the high limit. vSome means for cooling th<‘ pump at zm-o 
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displacement is usually provided; for there is then no fluid flowing 
through the pump, which in constant-displacement pumps serves 
to carry off the heat generated by friction and internal leakage 
within the pump. This type of pump control has the advantage 
over the automatic by-pass that its operation is smooth and con- 
tinuous rather than intermittent. This offers the advantages of 
noise reduction and elimination of shock pressures, both of which 
are important in very high horsepower systems. 

The chief disadvantage at present is a lack of service experience 
with the pumps now on the market, and their relatively liigh cost, 
which is fundamental because of their large number of parts. 
Other disadvantages may be revealed as more such systems are 
put into operation. 

Variation in pump speed has not yet been accomplished except 
by the use of a pressure-controlled clutch. This is not a desirable 
system, for it gives intermittent flow and subjects both pump and 
engipe drive to severe shock loads. 
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CHAPTER IV 


POWER SYSTEM 

DESIGN REQUIREMENTS 

In the previous chapter the steps leading to the use of automatic 
pump by-pass control have been described. Now there will be 
traced the development of the present power system using this 
type of pump control from the basic system of Fig. 30 to the sys- 
tems in use at the present time. 

Starting with a basic system, the first addition to the powur sys- 
tem was that necessary to provide for increased power. This con- 
sisted of the addition of one or more power pumps, the automatic 
pump by-pass valve, and the necessary check valves to connect it 
into the system. In addition, a pressure-relief valve was usually 
added to take care of a possible failure to open of the by-pass valve 
and in general to act as a safety valve. In order to avoid getting 
air into lines when the engine section, including the pump, is 
removed from the airplane, it has become customary to add a valve 
at the fire wall, which automatically shuts off the pump line on 
both sides of the point where it is disconnected, in both the pressure 
and the suction lines. These valves are commonly known as 
'^disconnect” valves. 

When an accumulator is used, it is added on the pump line in 
such a way that it is kept charged with oil under pressure by the 
power pumps and discharges through a check valve into the 
pressure manifold. 

Because the primary purpose of the hand pump in a power-pump 
system is to take care of emergencies, including failure of the 
power pump’s automatic by-pass valve, the accumulator, or any 
other part of the power system, the hand-pump lines are usually 
arranged to discharge directly into the pressure manifold so that 
the fluid being pumped by the hand pump cannot be lost through 
broken lines in the power system. However, because it is desirable 
to be able to use the hand pump to charge the accumulator for 
0 ])erating parking brakes, etc,, an accumulator charging valve is 
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usually incori)()rated in th(^ system; this can Ih^ op(‘rat(*d to allow 
the acciimiilator to h(^ chMrp;(‘d hy the hand lyuinp hut is normally 
kept closed in flight. A diagram of th<‘ system incorijorat ing the 
above units is shown in Fig. 4H. A i)r(‘ss\ir(‘ ga\ig(^ is also shown. 

In Fig. 43 the fluid going to t:h(^ (aigim* pump comes out of th(‘ 
reservoir through a different outhd-, at. a higlu^r levd, than the 



Fig. 43. — Schematic diuKrum of HyHtein incorporating: acctiniuliifor chariacinp; valve. 

fluid going to the hand pump. This is a valuahk^ saf(*ty f{‘jiture in 
that it permits use of th(‘ hand pump aft<‘r a failure* in the pow{*r- 
system lines. 

Because airplane ojjerators insist on long(‘r and l(>ng<‘r s(*r\'ie(‘ 
from hydraulic units, it has Ix^conu* n<‘c<‘ssary to put tilt(‘rs into 
hydraulic systems to removt* dirt, pariicl(*s, which miglit w(‘ar out 
pumps and valves. These filters may lx* l(x*atf‘d in thf* individual 
systems but are more commonly ptirt of tin* power systtan. Thf*y 
may be of several types and may he in s(‘veral ioctifions, as shown 
in Fig. 44. 

In Fig. 44, which is a diagram of a basic pow(‘r syst(‘m showing 
various filter locations, filter A is a filtca- in tlu* suction lin<* to tin* 
engine pump. This filt(*r location has tlx* advantiigc* that it filters 
all the oil heaving the res(‘rvoir and pro\’ides tlie lx*st possihk* 
protection for thc^ ]Knv(‘r piim\)s. It has the* disadx'ant agt* that it, 
increases the pr(‘ssur(‘ loss in tin* suction liin*, and to k(X‘p within 
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reasonable limits of suction at the pumps requires both very large 
filters and very large suction lines. 

Filter B, in Fig. 44, is a filter in the return line of the circulating 
fluid. Considerably more pressure drop is available in this posi- 
tion, and a filter here does not detract from the performance of any 
subsystem; for there is no oil flowing in the circulating system, 
and therefore in the filter, at the time 
that the subsystems are being oper- 
ated. A filter in this location filters 
the oil indirectly, rather than directly, 
and probably provides slightly less 
protection for the units in the system, 
particularly the engine pumps. 

Filter C is a by-pass filter which 
should take off from some line having 
a reasonably high back pressure but 
should not, of course, take ofl from a Fig. 44 . — Schematic diagram 
pressure line, for that would detract 
from the performance of the hydrauli- system, 
cally operated units. 

If extremely fine filtration is desired and the system is one in 
which relatively large quantities of fluid circulate, the by-pass 
filter may be the only solution without resorting to excessively 
large filters in the other locations. The by-pass filter provides the 
poorest protection, for it filters only a small percentage of the total 
flow; however, it should eventually clean up the entire system. 
By-pass filters have proved satisfactory in protecting automobile 
engines. 

Filters may be of various types. Reservoir filters are usually 
just screens, which may vary from 30 to 170 mesh. Occasionally, 
filters of the cleanable-blade type, such as Cuno filters, or filters 
of the wire-wound type, such as Purolater, are used in reservoirs. 
Circulating filters may be either the screen type of filters or may 
incorporate some nonmetallic filtering element, such as felt or 
cloth. By-pass filters are ordinarily used when extremely fine 
filtration is desired and therefom cannot be of the screen type. 
They usually consist of perforated cans packed with cloth fibers or 
layers of felt. The better types of such filters are usually built up 
in stages, a coarse stage removing the larger particles and one or 
more finer stages the finer particles. 
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When ih liydraulic mitonialie pilot, such as Bpta-ry gyro 
pilot, is used, it. may tuk(‘ its pow(‘r from a s(*|>arute pump and 
reservoir or it may tak(‘ off from th(^ airi)lane\s hydraulic systcan. 
There are two common nudhods (d' taking the automatic-pilot 
fluid from th<‘ hydraulic syshan. Th<‘ first of tlassc^ is hy naains of 
a selector valve by which one of th(‘ powcu* pumps t)f the* airplane’s 

hydraulic syst(‘m is connect(*d to the 
automatic pilot, the nanaining pump 
or ])umps lH‘ing coniuaded to the hy- 
draulic syst(»m. The sehador valve 
is incorporated in 1h(' system so that 
in th(^ (w<aiit of a failure* of any on(^ 
pump both the automatic pilot and 
tlu^ hydraulic syst(*m may Ix^ us<‘d 
on tin* remaining inunp, although 
not, of courses at tlu^ sanu* t ime. A 
]K>w<‘r syst.<»m incorporating this 
method of auh>niatic-pil()t power 
selection is shown in Fig. 45. 

Fluid under |)r(*ssun‘ for o|K‘ration 

Fig. 45 .— Schonuitic diaKram the automatic pilot may also he 
of power systenji iu(!orp(irat.ing , tt t i 

aiitomatic pilot selector valve. tak(ui off tiH‘ hydraulic syst(‘ni hy 

mc*aiis of a nxiucing valv{*, which 
reduces the fiiiid from the high ])n*ssur(* nspiired to oj>{*rat(‘ the 
airplane’s hydraulic system down to the pr(*ssurc nMiuin*d to 
operate the automatic-pilot syst(*m. The d(*sign of such units 
will l>e discussed in lat(‘r cha])t(‘rs. dliis systiau is un(‘conomical if 
the hydraulic-system pr(‘.ssur(^ is inueh hight'r than the automatic- 
pilot-system pressure, for consid(‘rahh* pow(‘r loss and h(*ating will 
result. This arniiigcanent is shown in Fig. 4f>. 

A variation of this arrangem(‘nt, which is p(*rmissihl(* in .svstf*ms 
having relatively low fiow, say up to 5 or b g.]),m. at cruising sp(M‘d, 
is the use of a relief valv(* in tie* bv-pa-ss lim* from the* (‘Ugire* pump 
or in the return lira* so that (*v(‘n wlam no unit is Ixung operated 
there will Ix^ suffici(‘nt pr(‘ssun‘ for th<* automat ie pilot, which 
requires about 100 to 150 Ib./sq. in., })ack(‘d up in the l>y-pass or 
return line. With this syst(‘m th<i auto pilot will c(‘ase to ojM‘rat(‘ 
whenever tlie aceurnulator is charging, for tlnux* will then be ik) 
fluid flowing in tin* by-pass or ndurn line*, d'o pn*v(‘n1 this, a 
reducing valve hook(‘d into the hydraulic pn‘ssure system 
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may be added. Such hookups are complicated and are not 
often used. 

In the system as now designed, the unit requiring the least pres- 
sure will operate first. This sometimes makes for improper opera- 
tion on the airplane; for example, if wing flaps requiring a large 



Fig. 46. — Scliematic diagram of system incorporating reducing valve for 
autopilot operation. 

quantity of fluid are to be raised immediately after landing, when 
the engine and therefore the hydraulic pump are operating at a 
low r.p.m., the brakes might become inoperative. It is possible, 
by adding relief valves to the system, to force the fluid into one 
system first until it builds up to a certain minimum pressure, after 
which it goes to other parts of the system. Thus it is possible to 
add a valve to cause the brake system always to have available at 
least 500 Ib./sq. in., even, for ex- 
ample, when the flaps are being 
operated and are requiring only 
50 Ib./sq. in. This valve should 
not be the conventional relief- 
valve type, because if it were the 
pressure required to operate the 
wing flaps would have to be added 
to the pressure caused by the ad- 
dition of this valve and this added 
pressure • might overload the pumps; instead, it should be of the 
balanced relief-valve type shown in Fig. 47. With this valve the 
minimum pressure on the inlet side is always equal to the valve 
setting. As the pressure in the outlet side rises, it tends to relieve 
the spring load until, when the pressure in the outlet side is equal 


Ou/- 



Fig. 47. — Schematic drawing of 
balanced relief valve. 
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to the pn^ssure oo th(‘ inl<‘t si{l<‘, the sprin^i; is completely haek(‘d 
off and is flow through the eausiiif^ no hindrance 

to operation. A syst(‘in usinp; a scdeetivt* n4i<d vaivt* to ensurt^ a 
supply of fluid und(jr pressure to the brakes is shown in hlg. 48. 



Fkj. 48. — Power ayttUim in<*oriK>ra(ia#i: hiiliinrc*<i relief valve to irmarc 

preHHure in hrukcf nyMtern. 


On airplanes intended to 1h* <)p(»nit<Hi in eohl w<‘athei% it is 
sometimes desirable to k(»<‘p thc^ circulating fluid wanner than 
normal circulation will ke(ip it ; or, in orden- to <‘ff(‘Ct rapid r(4 ruc- 
tion immediately after take-off, it may bf‘ desirable to warm the 
fluid up rapidly. In tlu^se eas(*s, it is possible to utilizt^ the horse*- 
power of the hydraulic syst(»m to wanu up the fluid by forcing it 
to go through a relief valve or a n*slriction until it has attained th<^ 

dc»sin*<i temptu’at an‘. A diagram of a 
hy<lraulic sy.stcan iiH*or|)(n*at ing this 
nuMins of temperature eontr<»l is shown 
in Kig. 49. 

As airplan(‘.s increase in siz(‘ and tin* 
horsepow(‘r of tin* hydraulic .systems 
incn‘as(‘S, the size and weight of th(‘ 
pump .suction line* increas(‘ dispropor- 
1i()nat(4y, for the ]>ressurc‘ available to 
forc(‘ fluid to th(‘ pnmp is only thc‘ 
atmosplauac pre.ssun* available at th(* 
iiiaxiinum altitude at \vhi(‘h the air- 
plane can fly. In rnochum airplanes this may ni<‘ari an allowable 
pressure drop in th(‘ suction lin(‘ of only 4 or 5 lb. s(}. in. 

To avoid excessively large* suction liiK'S, supeu'charged reservoirs 
arc coming into use. Thcisc^ may lx* of the following two typ(‘s; 



Fkj. 49. — Schematic drawing of 
tern per atu re-con t rolled . 
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either the completely closed type, in which a diaphragm or piston 
separates the fluid from a chamber filled with air under pressure ; 
or the open type, in which air lost through the vent line when units 
are operated is replaced by some sort of air pump. A completely 
closed reservoir, such as the one shown in 
Fig. 50, has been used in airplanes requiring 
relatively low flows ; however, there is some 
doubt as to its suitability for systems having 
high flows because of possible foaming of 
the fluid. It is also somewhat difficult to 
service a system equipped with such a 
reservoir. 

The other type of supercharged reservoir 
involves the use of a relief valve in the vent 
line, set to relieve at a pressure a few 
pounds above atmospheric, and a pump 
that will supply air under pressure, up to a pressure a little below 
the relief-valve setting. This system has also been used to date 
only on low-flow systems and may cause trouble on high-flow 
systems because of the tendency for air to become dissolved in 
the fluid. Experimental work is going on at the present time on 
both these systems, and probably one or the other will become 
the accepted standard for reservoir design in large high-altitude 
airplanes in the not too far distant future. Figure 51 shows the 
air-pump system of supercharging a reservoir. 



Fig. 50. — Schematic 
drawing of closed type 
of supercharged reservoir. 



Fig. 51. — Schematic drawing of typical open-type supercharged reservoir. 


It should be understood that not all these additions to the basic 
power system are required in all airplanes. However, most air- 
planes will be found to require one or more such additions, 
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dcpendiiifi; on ihv pfirticulur roiuiitions uiuior wliiclj the airplane 
is cxp(^cted io op(‘rate. 

Pr(‘vi(>us chapt(‘rs have* eovcn’cd additions to the I)asic hydraulic 
systems to l)rin|>; bolli the suhsystenns iUid the power systeun up 
to date. Th(‘ speKnal nniuirenunits of t!ie power Hy.sUun have* now 
beem descri!)ed. Th<w<‘ an‘ also six'cia! reffuin*ui(*ids In each sub- 
8yst(‘m, Hucli as laiidiiifi; p:(‘ars, flaps, (xmd flaps, tdc. 



CHAPTER V 


SUBSYSTEMS 

DESIGN REQUIREMENTS 

Subsystems may be divided iato two classes on the basis of their 
special design requirements. Thus, when a new subsystem is 
contemplated, its special requirements may be arrived at by 
reviewing the special requirements of other subsystems falling in 
the same classification. 

Hydraulic systems are primarily used in aircraft when either 
high power or controllability is required. On this basis subsystems 
may be classified as follows: noncontrol systems, in which the 
primary purpose is to increase the pilot’s power available; and 
control systems, in which the primary purpose is to provide smooth 
control either with or without higher powers than the pilot could 
deliver unaided. 

Noncontrol systems can be divided into weight-loaded and air- 
loaded systems. The air-loaded systems include wing flaps, cowl 
flaps, and bomb doors, and the weight-loaded systems include such 
systems as landing-gear retracting systems. The chief difference 
is that accelerations encountered in flight affect weight-loaded 
systems but do not affect air-loaded systems. 

Control systems can be divided into follow-up (position) con- 
trols and power-amplifying (load-feel) controls, position plus load- 
feel systems, and automatic systems, including systems in which a 
sequence of events is required. 

Representative systems in each of these divisions will be taken 
up in turn, and the factors influencing the design of each system 
will be given. From these representative systems, it will be possible 
to design any subsystem by setting up its detail requirements. 
Only the hydraulic system from the valve through the operating 
C3dinder will be considered, for it is obviously outside the scope of 
this book to cover the design of the parts being operated, f.e., the 
landing gear, wing flaps, etc. 
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To (l(‘.sigii a suhsyst<‘in or oporatiHfz; systriu and arrive^ at lines 
and units of ih(‘ proptu* size and .-tn*n|i;th, it is norossary to know 
three things aliout th(» syst(‘in, us folhnvs: (1} l(Kids, i2) speeds, 
and (8) spc^ciul n*<pnrein(*n1s. 

The loads on th(‘ syst(*in ur<» <iivi<led int(» op(‘rating and d(\sign 
loads. Operating loads, he., fhos«‘ lojuls iindiu* whieli tin* syst(w 
normally operaicss, d(*t(‘nnin(* tin* of tlie op(‘rating eylincha* or 
motor. D<\sign loads, /.e., tlu* niaxinuini haicls that (‘an ev<‘r be 
applied to th(‘ sysicun, d<‘tc‘nnin<‘ the }>urst strength of the lines 
and units, aft(T th(‘ inelusicm, of course, of propiu* factors of sahdy. 

The speiid of oi)<‘ration of 1h(‘ syst<un is usually dtdennined by 
its function and tin* <l(‘sirc*d optTutions (jf the airplane. The 
maximtirn rcaiuircKl s])(‘<‘d at the lo\v<*st re<pnre<l 1<*inp(‘rature 
determines lim* siz(‘s and pumj) displacements, for this is tlie con- 
dition of maximum flow and maximum tluid resistance. 

Special re(i\iirem(Uiis are determined by the function of tin* sys- 
tem and tlie design of tlH‘ airplaiu*. They inchaie sucli system 
requirements as approximat(»ly constant spcunl r(*gardicsss of 
temperature or the inclusion of sindi auxiliary <i(n'ices as lamling- 
gear latches, wing-flap reli(*f valv<*s, or dushfiots for high-speed 
units. 

NONCONTROL WEIGHT-LOADED SUBSYSTEMS 

A representative W(*ight-loa<l(Hl subsystem is the landing-gear 
retracting system. normal loads, which determine the* size of 

the operating struts, usually vary throughout the travc'l of th(* 
retracting strut; for the lev<*rag<» of tin* wfught changes as tin* gear 
is retractcK-l, and th(‘ air loads also change. This varying load can 
best lie deterrnin(‘d })y plotting a load-stroke diagram for tin* land- 
ing gear. This is usually done* by drawing a number of diagrams 
of the landing g(*ar in s<‘v<*ral intcuTiu'diate positions b(*twef‘n fully 
extended and fully retract(‘d, and (uileulating th(‘ loads on th(* n‘- 
tracting strut for (aich of th(*se positions. It is good pra(*ti<‘(‘ to 
plot weight load, air load, friction load, door-opfU’at ing load, 
bungee load, and any other lotids indf‘p<‘nd(‘nt Iv and tlaui draw an 
overall load curve; this procedure mak<‘s it possihl(‘ to change 
w^eights, bungee strengths, (‘te., without complete nsadeulation. 
The size of the cylind(‘r can now lx* (i(‘t(*rmirH*d by iner(‘!ising tlu* 
maximum load from this curve* by U) to 25 per eeut to allow for 
line loss and then dividing by the pi’e.*^sure available (r(*gulalor 
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setting) to get the piston area. If the strut acts in tension, this 
resulting area will be the net area, and the rod area must be added 
to get the total cylinder area. 

If the maximum load occurs at a peak in the curve and the 
other parts of the curve are well below the peak, then the line loss 
at the peak need not exceed 10 per cent. The line loss available 
for retraction will be greater than 10 per cent; for it is the difference 
between the pressure available and the average, rather than the 
peak, pressure required. 

If the load curve is relatively flat-topped, ^.e., if the peak load 
is constant over 50 per cent or more of the retracting travel, then 



the peak line loss must be 25 per cent or more of the pressure avail- 
able, for in this case the peak line loss will determine the retracting 
time; and if too small line loss is allowed, excessively large lines 
will be required. A typical load curve for a landing-gear strut is 
shown in Fig. 52. 

The design loads, which determine the strength of the parts of 
the landing-gear retracting system, may result from any one of 
several conditions. The condition of maximum speed generall^^ 
produces the highest air loads on the doors and their operating 
mechanisms. These loads, when combined with the loads caused 
by the weight of the landing gear and with bungee loads, if any, 
should be determined and translated into teims of pressure in the 
retracting strut. 

Another design condition that often determines the design of 
retracting struts is the maximum accelerated-load condition. An 
accelerated load is the increased load that is applied to all mem- 
bers of the airplane when it is pulled out of a dive or flics through 
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a vertical Mftxiinuiu loads may occur in eithf*r of two con- 

ditions, as follows: While the gear is inang relracted, the airplane 
is flown at lowta* than its maximum s|>f‘e<i and is subjected to lower 
accelerations than the maximum. Ac<'4d(*rati«ms in this condition 
normally do not <‘X(‘e(‘d load factors 2 to \Mien tla* gear is 
fully rc*tract(‘d, it is possibh^ to g4‘t Ioa<i factors as ingli as 6 to 7 
on the landing g(‘ar. Tin* proiH*r loa<i facUw to tist* is tlie light- 
load load factor, whieli is UHt‘d for tin* 4h*sign tlie stnietural parts 
of the airplan(‘. This loaci fa^dor is s|Ha*ified by tin* (Ivil A(‘ro- 
naxiticB Authority for comm(*reiaI airplanf‘S and by tlie Air ('orps 
or the Navy for military airplaiu*s. 

For the condition in which th<‘ g<*ur is ixang retracted, im‘w curves 
of load on th(‘ gc^ar shouhi la* drawn, including weight loacls multi- 
plied by th(^ load faetiir, air loads, laingta’ hay is, and any oilier 
loads that incr<‘as<‘ tht‘ loads in th<* ndracting strut. Friction 
loads need not Ik* consi<h»n*d; for the pn‘ssure in this condition 
normally is ai>ov(* that availabh*, and the g<‘ur stops moving until 
the acc(d<*ration is r(*(iuei*(l. 

For the condition in which tlu* g<*ar is fully r(»tract(*d, it is not 
necessary to draw curv(‘s, for the giair is in only one p<jsition. The 
weight of the g(*ar should Ik* nmltipiied by th<* proper load factor, 
and the air loads from doors, lmng<K* loads, etc., should bt* appli(*d. 
As in the previous cus(‘, th<‘S4» loa(is shouhi Ih* t ranslut(*d into terms 
of fluid ])ressur(^ for tlu* <iesign of tla* hydraulic system. 

Another condition that may aiT(‘Ct tlu* design of tin* liydraulic 
system is the pr(*ssure. cr{‘at<*d l)y the* (*xpansion (d fluid in the*, 
system with incr(‘as(‘ in t(*mp(*rat un*. This pressun* is limited liy 
the setting of tlu^ n^lic'f valv(‘s in the* .system. 

The normal, or op(*rating, pn*.ssun* and (*aeh of tly‘se spf‘cial 
design pressure's must lx* multipli(‘d by the pro|>er faet<u* of saf(‘ty 
to get the recpiired Inirst j)r(*.ssun‘ for (‘aeh (condition. \\'hf*n the 
burst strengtli is calculated using th(‘ uitimatt^ stn^nglli of th(‘ 
materials, the factors of safety should lx* as listisl in the outliiu* 
on page 89. TIkj application of th(*se loads and i)r(*ssures to tlu* 
detail design of units will be covcTed in (’hap. IX, Hydrauli(‘ Unit 
Design Proceduix*. 

The speed of operation of thf* lan(iing-g<‘ar system varies with 
the type of airplane. On singl(‘-(‘ngiiy‘ airplaiu's, it is rH*e<‘ssarv to 
get the gear up rajiidly in order that tie* dnig of th<* airplaia* will 
be reduced to a minimum as raihdly us possible so t hat tlu* airplara* 



SUBSYSTEMS 


61 


can climb over any obstacles that it may encounter immediately 
after take-off. On bimotored airplanes the retracting speed re- 
quirements are the strictest of those for any class of airplane be- 
cause modern bimotored airplanes will usually continue to climb 
after failure of a single engine after the landing gear is retracted, 
whereas they will not climb if the landing gear is extended. This 
means that it is essential to the safety of a bimotored airplane that 
the landing gear be retracted as soon as possible after the take-off. 
At present; it is considered necessary to be able to retract the 
landing gear on a bimotored airplane in 10 sec. or less after the 
failure of one engine. 

The size of the retracting strut having been determined from the 
normal retracting loads on it, the volume of fluid required to 
retract the landing gear is now known. The speed requirement 
combined with the volume of fluid required gives the flow required 
to retract the landing gear. 

The two factors necessary to calculate the size of lines arfti valves 
required in the landing-gear system are now known, ^.e., the flow 
and the line loss, which is the difference between the average re- 
tracting pressure and the system pressure. Calculations for line 
loss must be run considering the lowest temperature at which it is 
necessary to obtain the required speeds. These temperatures are 
usually given in the airplane specification. They may range from 
— 40 to +32° F. For final calculations, it is permissible to take 
into account the fact that because it is coming from the circulating 
system the oil going into the struts is warmer than the oil returning 
from the struts. It is of course necessary to use the lowest temper- 
ature because that is the condition which gives the maximum fluid 
resistance. 

It should be borne in mind that the pump capacity or the 
capacity of the pump plus accumulator must be sufficient, with 
one engine dead, to ensure proper retracting time. 

The special requirements for the landing-gear retracting system 
may include one or more of the following items; 

1. Landing gears very often incorporate latches to hold the gear 
in the up or the down position or both, after failure of the M^draulic 
retracting mechanism. These latches may be operated in any one 
of several ways. If they are mechanically operated, they are 
outside the scope of this volume and need not be considered 
further. If they are operated by an auxiliary cylinder, it is neces- 
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sary to consider the fact that the main cylinder may put loads on 
the landing gear which tend to bind the latch. The auxiliary 
cylinder must have sufficient power to unlatch the latches, over- 
coming any binding, which implies a high leverage between the 
auxiliary cylinder and the latch. If special valving is introduced 
so that the retracting fluid first goes into the latch cylinder and 
opens the latch before going into the main cylinder, then of course 
no binding can take place, for the main cylinder will be unloaded 
while the latch is operating. Usually, however, a simpler landing 
gear results when the latch is operated by the first portion of the 
travel of the main cylinder rather than by an auxiliary cylinder. 
In this case, it is also necessary to consider possible binding, which 
may result because of the fact that the pull of the main cylinder 
on the latch usually also tends to retract the gear and therefore 
may cause binding. 

2. In modern high-performance airplanes, doors are ordinarily 
used to ‘close completely the aperture into which the landing gear 
retracts. These doors are usually operated by a mechanical 
linkage from the landing gear and therefore have no effect on the 
hydraulic system except to add their loads to the other loads from 
the landing gear. Occasionally it is necessary to provide separate 
door-operating cylinders. It then becomes necessary to ensure 
that there is no interference between the doors and the landing 
gear. This may be done in one of two ways, as follows: by means 
of hydraulic connections such as valves or flow-splitting devices, 
which tend to divert most or all of the flow to the door cylinders 
first, then to the landing gear; or by means of vseries valving, in 
which operation of the landing-gear valve directs the fluid into the 
doors, these, when open, operating another valve, which directs 
the fluid to the landing-gear retracting struts. When the main 
operating valve is reversed, the landing gear operates first and in 
turn operates the door valve, w'hich then closes the doors. 

Both these systems have disadvantages. Scutes valving has the 
disadvantage that, if the doors jam, advantagci cannot b(‘ takcm 
of the high-powered retracting strut to force th(‘ gear down. Th(‘ 
liydraulic interconnecting system has the disadvantage that undcu- 
unusual conditions, such as partial extension followed l)y retrac- 
tion, interference may occur betwc'cm the doors and the gear. 

3. Where the main landing-gear valv(‘ is remotc^ly opcu'atc^d, it 
is often specified that a valve be added that can be directly o]>c‘r- 
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ated by the pilot to let the fluid out of the landing-gear retracting 
lines so that the gear can be lowered in case of failure of the valve- 
operating mechanism or valve, which would otherwise trap fluid in 
the retracting lines and prevent the gear from being lowered. This 
emergency extending valve is also useful as a safety device because 
when it is in the open position the landing gear cannot be retracted 
on the ground by inadvertent operation of the main landing-gear 
valve. 

4. When the landing gear is lowered by means of an emergency 
extending device, or on the ground with the airplane on wing 
stands, the weight of the landing gear often forces fluid out the 
retracting line faster than atmospheric pressure can force fluid from 
the reservoir through the four-way valve into the extending side 
of the operating cylinder. This results in more fluid being returned 
to the reservoir than is being drawn from it, which, unless excess 
capacity is provided, may result in overflowing the reservoir. To 
prevent such overflow, valves may be installed to permit flow 
from suction lines or other large reservoir lines adjacent to the 
landing gear into the landing-gear extending line, to provide a 
low-resistance path for fluid into the extending side of the landing- 
gear cylinder. 

5. With high-speed retraction of heavy landing gears the shock 
loads built up in the retracting system when the landing gear 
reaches the end of its travel may be considerable. To prevent 
damage to the retracting mechanism or adjacent structure, it is 
often necessary to provide dashpots or shock-absorbing mecha- 
nisms at the ends of the travel of the retracting strut so that the 
moving weights may be decelerated gradually rather than ab- 
ruptly. The design of these dashpots will be covered under the 
design of operating cylinders. 

6. On nose wheels or tail wheels, which are free to swivel, some 
device must be incorporated to prevent retraction in a swiveled 
position, for this might cause damage to the exterior of the airplane 
adjacent to the well into which they retract. When this device 
takes the form of an automatic centering device, it does not affect 
the hydraulic system. Otherwise, it is necessary to have some sort 
of hydraulic centering device or a lock to prevent retraction, i.e., to 
shut off fluid in the retracting lines, when the gear is not centered. 

The normal and design loads, speeds, and special requirements of 
landing-gear retracting systems have now been described. Any 
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weight-loaded operating system in the airplane is likely to have 
approximately the same requirements. The same factors will 
normally have to be considered in its design. 

NONCONTROL AIR-LOABED SUBSYSTEMS 

Typical air-loaded systems, i.e., systems in which the principal 
load on the system is an air load rather than a weight load, are 
wing flaps, engine cowl flaps, and bomb doors. 

Operating loads on wing flaps are simply those caused by the air 
loads at the maximum air speed at which it is required to extend 
the wing flaps fully. Unless there is a very similar airplane already 
operating from which the loads can be deteimined, it is necessary 
to determine the loads by wind-tunnel model tests or by calcula- 
tion. In either case, ample margin, probably at least 50 per cent, 
should be provided to allow for errors in testing and calculation. 
In the case of unconventional flap designs, particularly when the 
loads are calculated, even higher margins are desirable. 

Design loads are obtained by multiplying the operating loads 
by the proper factor, which will normally be about 2.5 (see outline, 
page 89). The only other design load is the pressure resulting 
from temperature expansion; this is determined by the setting of 
the relief valves in the system. 

Wing-flap operating speeds are msually slow. However, the 
slow speeds cannot be taken full advantage of when the size of the 
lines is determined; for, because these speeds affect the operation 
of the airplane, they must be kept somewhere near constant re- 
gardless of temperature, which usually means that oversize line's 
are required, together with orifices to get thc^ proper speed. Also, 
in the original design of the airplane it is impossil^le to calculate 
the speed with sufficient accuracy, so that it is necessary to provide 
oversize lines and orifices that can be varied on the first airplane 
to get exactly the most desirable operating time. It is desira})lo 
to retract the flaps slowly to prevent stalling the airplane. Ifliis is 
because the stalling speed of the airplane witli fiai)s {'xt(‘nd(‘d is 
lower than the stalling speed with flaps n'tracted. Th(' airplane' 
must be allowed time to accelerate whiles the flaps art' })eing ro- 
tracted. On the other hand, it is desirables to attract th(' flaps 
rapidly to reduce the lift once the airplane is on tlu' ground in ordc'r 
to make the brakes more effective and, l)y nvlucing tlu' lift, to 
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make the airplane less likely to be overturned by gusts. It is also 
desirable to retract the flaps rapidly to prevent damage from water 
thrown up by the wheels after landing on wet or muddy fields. 
The final retracting time chosen is usually based on a compromise 
between these factors and may be 5 to 15 sec. Extension time of 
the flaps is usually not critical and may be between 3 and 15 sec. 

There are certain special requirements that 'apply to wing-flap 
systems on most airplanes. A relief valve is usually incorporated 
in the extending lines, which can be set to allow the flaps to retract 
of their own accord when the air loads on them exceed the safe 
strength of the flaps. This cannot be a conventional relief valve 
because it must be set at a pressure below that of the main system. 
The design of this type of valve will be discussed in Chap. IX, 
Hydraulic Unit Design Procedure. It generally incorporates some 
sort of three-way valve arrangement operated by the pressure in 
the extending line so that when this pressure rises above a set value 
it first shuts ofi the pressure supply line, then opens the cylinder 
to the reservoir. When such a valve is incorporated in the system, 
it is also desirable to put a check valve from the reservoir line to 
the flap-up line. Thus, when the flaps are blown up by excessive 
air load, oil can be drawn into the retracting side of the flap strut 
from the reservoir line and so will not overflow the reservoir or 
possibly draw air into the flap struts past the piston-rod packing. 

Another special requirement that is peculiar to wing-flap sys- 
tems is the necessity for accurate synchronization of movement of 
the flaps on left and right sides of the airplane to eliminate a 
tendency of the airplane to roll. It is customary in small airplanes, 
if the flaps are hydraulically operated, to actuate them by a single 
cylinder operating the left and right flaps by mechanical means, 
which, of course, ensures synchronization. In larger airplanes the 
weight of this type of system becomes prohibitive, and the lighter 
hydraulic synchronization must be resorted to. Where the load 
on the flap-operating strut continually increases from the fiap-up to 
the flap-down position, the loads themselves will tend to synchro- 
nize the flaps; for if one flap should get slightly ahead of the other 
flap, its load would increase and therefore the fluid would flow into 
the other flap strut until the loads were again balanced. This air- 
load synchronization is possible only where the frictional forces 
are relatively low. Obviously, if there were high friction on one 
side of the airplane and low friction on the other, the flaps having 
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the lower friction would extend farther for the vsame pressure and 
the airplane would tend to roll. Air-load synchronization is also 
not practical where the load curve for the flap struts decreases at 
any time during the extension of the flaps; for in such a case there 
will be two points at different extensions at which the flaps can be 
in equilibrium, so that one flap could be extended farther than 
another and still require the same pressure, though its rolling 
moment on the airplane would almost certainly be different. 

Hydraulic synchronization of flaps can be accomplished by 
means of flap struts in series. This, however, has the disad- 
vantages that were previously considered with reference to series 
systems and, as was found at that time, is uneconomical. 

It is sometimes considered desirable, when the flaps are operated 
separately, i.e., without mechanical interconnection, to have a 
separate indicator on each flap. Advantage can be taken of these 
indicators to synchronize flap operation. The indicators are con- 
nected to valves in the flap lines in such a way that the flow to 
the flap which is leading is restricted, thus slowing it down and 
giving the other flap a chance to “catch up.” Synchronization 
can also be accomplished by means of some sort of flow-splitting 
device, which usually takes the form of two gear pumps, one in 
each flap line, the shafts of which are mechanically interconnected 
so that the pumps are forced to rotate at the same speed, an eq\ial 
division of flow between flaps being thus ensured. 

Another air-loaded system in common use is the engine cowl- 
flap system. The noimal loads, which determine the size of the 
operating cylinders, are those recpiired (1) to hold the cowl flaps 
open at the climbing speed of the airplane;, when the (;ngine power 
is high and the air speed, and therefore tin; cooling, arc; low; and 
(2) to hold the flaps closed against the maximum air siK‘ed at 
which the airplane can be flown. In this condition, friction nee;d 
not be considered because it is not nec(\ssary to close thc^ flaps at 
maximum air speed but only to hold th(;m clos(‘d in t his condition. 

Loads on cowl flaps cannot be accurately detc;rminc;d in advance 
of flight test; thus, it is usually necessaiy on a new ccnvl-flap 
installation to allow a considerable margin of safety foi* possible 
increase in load over the calculated loads. Wind-tunnc‘l tc‘st-s arc; 
fairly accurate if made on an actual naccflle with an actual engine; 
and with the wing in its proper position with r(;spect to the nacelle. 
Such tests, however, are rarely made. 
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Maximum loads for the design of the cylinder are those required 
to hold the cowl flaps closed at the maximum diving speed of the 
airplane or to hold the cowl flaps open up to the maximum speed 
the airplane can attain with flaps open, if a relief valve is 
not provided to allow air loads to close the cowl flaps. Also, 
of course, the effect of temperature expansion must be con- 
sidered. 

Cowl-flap operating speeds are usually slow because most 
present-day cowl flaps are set to intermediate positions by operat- 
ing the valve, waiting until the cowl flaps arrive at the desired 
position by watching either the flaps themselves or an indicator, 
then shutting the valve ofl again. This requires an operating time 
of not less than 5 sec. so that an intermediate position can be 
chosen with some degree of accuracy. The operating time should 
not exceed 10 sec. so as not to take the pilot from his other duties 
for too long an interval. Because these times should vary little 
with temperature, it is necessary to use larger lines than would 
otherwise be required, and incorporate an orifice in the system. 
The lines still will be very small because the powers required to 
operate cowl flaps are low. 

To reduce the amount of attention the pilot has to devote to his 
cowl flaps, it is possible in some airplanes to compromise and pro- 
vide only three cowl-flap positions, open, closed, and trail, which 
is used in climbing or high-speed flight in hot weather. In the trail 
position, both cylinder ports are open to the reservoir so that the 
cowl flaps are free to assume any position to which the airloads 
tend to force them. 

Because of the necessity for increased performance, future air- 
planes will probably use some sort of follow-up or position control 
in which the position of the cowl-flap valve handle or lever corre- 
sponds to the position of the cowl flaps. With this system, when 
the cowl-flap lever is put to the three-quarters open position, for 
example, the cowl flaps travel to that position and remain there. 
The method of doing this hydraulically is taken up later in the 
chapter, in the section on Control Subsystems. 

A still further refinement of cowl-flap control that can be 
expected in the future is the automatic control, in which the cowl 
flaps automatically take the position necessary to keep the engine 
at the proper temperature. This also will be described in the 
section on Control Subsystems. 
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The third typical air-loaded system to be discussed is the bomb- 
door system. Because the bomb doors have to be operated at high 
speeds, their normal operating loads are those required to operate 
when the airplane is at high speed. Bomb-door loads cannot be 
calculated with any degree of accuracy but can be deteimined with 
fair accuracy from wind-tunnel models. With large airplanes, 
this should be done to reduce the weight that inevitably results 
from using oversize struts to allow for possible unknown loads. 

When bungees are incorporated to ensure emergency door open- 
ing in case of hydraulic-system failure, the hydraulic system must 
also have sufficient power to close the door against the bungee 
loads. The design loads are those which come from the highest 
air loads on the bomb doors. These are ordinarily the air loads 
prevailing in a dive plus the bungee loads if any and, if the doors 
are heavy, plus accelerated weight loads. 

There is no very definite speed reciuirement in the operation of 
bomb doors. Ordinarily, operating speeds range from 2 to 8 sec. 

One special requirement of bomb doors that has not as yet 
received much attention is the requirement that they operate at 
high altitudes, which of course does not ap|)ly to an\" of the systems 
previously described. This sometimes invc^lves some sort of heat- 
ing arrangement for the bomb-door op(u*ating c>'linder and lines. 
This may be through the ship’s ordinary h(*ating facilities if it has 
any, or it may be done hydraulically V)y ])utting an oi'ific(“! in the 
piston, which allows a constant circulation t hrough thc^ bomb-door 
strut thus keeping the temperatures up abov(^ th(‘ freezing point 
of the oil, which, with Sperry oil, is about — -bO^F. Something of 
this sort is necessary on high-alt it ud(‘ bombers. 

Another special requiremcmt of th(‘ bomb-door system is that 
it must be possible to open the doors in (‘V(uit of failure of the 
hydraulic system. This emergency op(*ning systcan may consist 
of a bungee or of a mechanical system such as a crank-arid-cal)le 
system. 

The three systems last doscrib<‘d ar(‘ typical of air-IoadcHl 
systems, of which the primary function is to opca’nte soinc* unit 
against air loads. Other air-loaded sy.stc^rns, such tis surfac(‘-con- 
trol systems, are used in th(^ airplane*; but th(*ir operation is 
primarily one for w'hich accurate contnd is re^epunsl, and tlic're'fore* 
they properly fall into the class of syst{‘rns to Ik* <liseuss(*(i under 
control subsystems. 
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Any air-loaded power system can be designed by reviewing the 
requirements for the three systems just described and incorporat- 
ing the necessary special requirements. 


CONTROL SUBSYSTEMS 

The subsystems covered earlier in the chapter were those in 
which the reason for using hydraulics, rather than some other form 
of power, was because of the high powers that can be developed 
by such systems when compared with other forms of power trans- 
mission. The systems to be covered in this section are those in 
which hydraulics are used because of the controllability thus ob- 
tained rather than simply the power. Such systems can be roughly 
divided into four major classes, as follows: 

Power-amplifier systems are those in which it is desired to multi- 
ply the operator’s force by some given factor, the output force 
being kept always proportional to the input force. These are some- 
times called ^doad-feel” systems because the operator can feel the 
load against which he is operating, though in a reduced amount. 

Position follow-up systems are systems in which it is desired to 
make a movement at a distance duplicate the movement of the 
operator’s control and in which a cable or push-rod system cannot 
be used because of lost motion, difficulty of installation, or high 
power required. 

Position and load feel are sometimes combined, as in power 
surface control systems, in which the pilot can feel both the posi- 
tion of the control surfaces and the loads on them, though the 
loads may be reduced in any desired ratio. 

Automatic controls, which include all controls that operate 
without attention on the part of the pilot, such as theimostatically 
controlled oil radiator shutters, are not in common use at present 
but are coming into use as fast as the need for them arises. 

The first of these control systems, the power-amplifier, or load- 
feel, system, came into use first in power-brake systems, in which 
it is important that the feel of the pedals be similar to that of 
manual brakes, because the degree of brake application is judged 
to a large extent by the feel of the load on the toe pedals. The 
essential feature of a load-feel system is that the pressure in the 
system is ahvays proportional to the load on the control, which in 
the case of brakes is the brake pedal. This is similar to the load 
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f 00 l of a manual-brake installation, the advantage of the power 
system being that the pilot can control much more power than he 
can apply directly, the control for large airplanes thus being the 
same as for small airplanes. The limiting size for direct operation 
of brakes is reached in airplanes of about 15,000 lb. gross weight. 

The device that produces this pressure proi)ortional to load is 
usually called a brake valve and incorporates a pn^ssure inlet valve, 
a return, or outlet, valve, and a piston acted upon l)y the pressure 
in the brake line. Such a valve is shown in Fig. 53. 


^''Pressure 



Fig. 53. — Sohematio clrawiiiK of one* type of brake control valve. 

The operation of this valv(‘ is as follows: When the p(»dal is 
depressed to the half-pressure^ position, th(^ j>iston niovf^s up, 
carrying the valve with it, and op(*ning th(‘ pr{‘ssur(‘ port. Fluid 
flows in through the pressur(‘ port and out to the }>i-ak(*s until the 
brake pressure rises to just above half pr(‘.ssun‘, vvIhui thc^ piston 
moves down, compressing th(‘ spring slightly and shutting off the 
pressure port. The load on the pialal is now half th(‘ maximum 
pedal load, and the pressure is half th(^ maximum brak(‘ pn^ssure. 
When the brakes are to be n^leascnl to the* <piarter brake* pe)sition, 
the pedal is released to the new position, tlms nionu'ntarily d(‘- 
creasing the spring load. The piston th(‘ii niov(‘s down un(k*r t he 
influence of the now unbalanced brake* })re‘ssur(‘, causing the* return 
port in the piston to open and alleiwing fluiel tf> run out and brake 
pressure to drop until it reach(*s a value* just b(*low tin* spring load, 
when the spring extends slightly and cl()se*s the* re‘ 1 urn port. The 
valve is now in equilil:)rium in the* rpiarte*!’ brake* iK>.sition. 
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Proportionality is ensured by the fact that the load felt on the 
pedal is due solely to the pressure on the top of the piston, which 
is, of course, the brake pressure. It should be noted that the spring 
does not affect the load on the toe pedal, only the movement of the 
toe pedal. If the spring is omitted, the toe-pedal travel is too short 
to feel natural and the kickback when the brake pressure comes up 
is more noticeable. 

The normal loads on the system are those produced when the 
pedal is depressed to the limit of the pilot’s ability or when the 
stop is reached, if one is incorporated. These loads are also the 
design loads, when multiplied by the proper factor of safety (see 
page 89). The effect of temperature expansion in the brake line 
is simply to back off the piston and reheve the pressure. 

As in all systems that simulate manual operation, the speed of 
operation must be sufficiently rapid so that no lag is noticeable^ 
This involves a speed of operation of about 34 sec. from zero to 
full brake. Because the displacement of brake operating cylinders 
is usually small, the flow is relatively low in spite of the high speed 
required. 

This system is a load-feel system because the pilot’s feel is 
proportional to the brake pressure, although the position of the toe 
pedal is not proportional to brake position. Actually, in the sys- 
tems just described, the pedal position is proportional to the brake 
pressure. Any load-feel system is likely to follow the same sort of 
design, with special requirements to fit the particular system being 
designed. 

The second type of control system is one in which the position 
of the control is always relative to the position of the unit being 
operated. This type of system is used for such purposes as wing- 
flap, cowl-flap, or radiator-shutter control and is ordinarily used in 
preference to a manual control because of a high power require- 
ment. It is used in place of a straightforward hydraulic system in 
order to get more accurate positioning in less time than by the 
procedure of watching an indicator and operating a valve, as is 
required with a simple hydraulic system. 

The synchronization of the cockpit control with the unit being 
operated can be accomplished either mechanically or hydraulically. 
Where the system is primarily used to develop high power, as in 
wing-flap systems, mechanical synchronization is sometimes used. 
Where the horsepower required is low, as in cowl-flap or radiator- 



72 AIRCRAFT IIVDRAUL/CS 

shutter systems, the complication of a mechanical follow-up sys- 
tem is hardly warranted; for if it is necessary to put in cables for 
synchronization, the unit might almost as well l>e mechanically 
operated. 

Hydraulic synchronization involves the use of two cylinders in 
series. This requires synchronizing valves at the ends of the travel 
to allow leakage to be made up and to correct for temperature 
expansion. A hydraulically synchronized remote jrosition control 
system is shown in Fig. 54. 

The system shown in Fig. 54 operates as follows: When the cock- 
pit control handle is pushed to the left, the synchronizing, or 



Fig. 54. — Schematic diagram of hydrauH<!Jilly synchronized remote position 
control system. 

follow-up, cylinder acts as a pivot and tin* valv(‘ op(UTit(*s. The 
valve in this case will operate to direct fluid into th(^ right-hand 
end of the cylinder, thus moving the piston to tin* l(*ft and tend- 
ing to return the valve to neutral. If th(‘ handh* is k{‘pt pushed 
to the left, oil will continue to flow into th(^ right si(l<‘ of the 
cylinder, moving the piston to the hTt and forcing thc^ oil out the 
left side of the cylinder into the operating, or ‘tshiv(‘,” unit. Oil 
coming out the other side of the slaves unit I'cdurns through thc‘ 
four-way valve to the reservoir. When th(‘ handh^ is stoppc‘d, oil 
continues to flow into the follow-up cylin(l(‘r, moving th(^ ])istoii 
sufficiently far to the left to shut the valv(* off. 

Because of the fluid trapped betweem th(‘ l(‘ft cuid of t lu‘ follow- 
up cylinder and the right end of the slave cyliiKhu-, it is ol)vi()us 
that these two units will always b(‘ synchroriiz(‘(l (‘X(‘ept for h'akage 
and temperature changes. When th(‘ unit r(‘{ieh(‘s th(‘ l(‘ft (uid of 
its travel, the left synchronizing valv(^ in tlH‘ piston is forcM'd opcm 
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by the pin in the end of the cylinder and oil flows through the 
passage in the follow-up piston into the slave cylinder, forcing it 
to the extreme left end of its travel. The system is therefore 
synchronized at the left end of its travel. When the operating 
handle is at the extreme right-hand end of its travel, the right 
synchronizing valve opens and the oil comes through the piston. 
The oil coming through the valve into the left end of the slave 
cylinder forces it to the extreme right. The oil coming out the 
right end of the slave cylinder can go through the open synchroniz- 
ing valve, through the four-way valve, and back to the reservoir. 
The system is now synchronized at the right-hand end of its 
travel. 

The lost motion at the end of the handle required to operate the 
valve can be kept negligibly small by the use of poppet valves. 
This system can also be used as a spring return system by substitut- 
ing a spring at the left end of the slave cylinder; in this case, only 
a three-way valve, rather than a four-way valve, is required. Such 
a system is satisfactory for easily controlled units such as engine 
controls. 

The design loads on the units are those produced by some arbi- 
trary high load on the end of the handle, in combination with the 
maximum pressure. A reasonable design load for the end of a 
handle that is readily accessible is 180 lb. 

Position control systems do not have to operate as fast as load- 
feel systems. Low-powered systems such as oil radiator-shutter 
or engine control systems should operate through their entire travel 
in 1 to 3 sec. High-powered systems such as wing flaps may be 
operated satisfactorily at 1 to 5 sec. 

The third type of control system is a system combining both 
position and load-feel. Such systems are necessary where a manual 
control system must be duplicated as accurately as possible. For 
instance, in surface control systems in large airplanes, where the 
pilot is unable directly to apply sufficient force comfortably to 
control the airplane, it is necessary to provide a system that will 
multiply the pilot’s power in some fixed ratio while retaining the 
full feel of the loads on the airplane and an indication of the posi- 
tion of the controlled surfaces. As in position control systems, 
the follow-up mechanism can be mechanical or hydraulic. Surface- 
control-system reliability is of vital importance to the safety of 
the airplane, and so far such systems have been made with mechan- 
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ical follow-up syvStcm.s that not only c;an position the surface more 
accurately but can act- t-o transmit power, at k‘ast to tlu^ extent of 
the pilot’s ability to apply it, in e-asc^ of failun^ of the hydraulic 
system. A typical surface control system is shown in Fig. 55. 

The operation of this system is as follows : Whcui tlie pilot pulls 
on the ele viator control column, /.c., moves it to the right, the 
cable control arm, which is pivoted on the same axis as the control 
surface, rotates to the left, moving the valve piston and directing 
oil into the left end of the booster cylinder. This forces tlie cylin- 
der to the left, thus moving the contrc^l arm and surface. This 



Fig. 56. — Schematic drawing; of hydraulic Hurfacro control bo(>Ht<n* system 
usin^ mechaaieal follow up. 


action continues until the valve body, which is rnount(‘d on the 
cylinder, catches up with the valve piston and shuts off the flow of 
fluid. Thus the control surface always follows the mov'cunent of 
the cable control arm. If the end of the boost(‘r-cylind(‘r i)iston is 
rigidly connected to the structure, tluux* is no load fool and the 
system is irreversible. However, if a linkag(‘ is incorporated in the 
system to connect the stationary end of the* })oostc*r cylinder to the 
cable control arm through a Iev<'r, tiien part of tli(‘ load on the 
surface, which is equal to the load in th(‘ cylindf‘r, will be fc‘d back 
to the cable control arm where it can he fedt })y t in* pilot. T}u‘ per- 
centage of the cylinder (surface) load that will fedt by tin^ pilot is 
directly proportional to the leverage ratio of th(‘ l(‘vc‘r conn(‘ct(‘(i to 
the cylinder end. If the long end of the lever, which is th(‘ (uid con- 
nected to the cable control arm, is four times th(‘ icmgt h of t lu' short 
end, which is the end connected to the cylind(‘r, tlHsi t}K‘ pilot will 
feel the load on the surface, reduced to one-fourth its actual valu(‘. 
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The only difference in the hydraulic parts of the booster s^^stem 
caused by the addition of the load-feel linkage is the fact that the 
cylinder stroke is shortened slightly because the left end of the 
cylinder moves in the same direction as the right end, though at a 
slower rate. 

Load feel can also be provided by anchoring the end of the 
booster-cylinder piston, but connecting the cylinder through 
pipes to a cylinder in the pilot's control cable. Thus the cylinder 
(surface) load, in this case in the form of hydraulic pressure, will 
be transmitted to the pilot in the ratio of the area of the load-feel 
cylinder in the pilot's control cable to the ai’ea of the booster 
cylinder. (The leverages of each cylinder must also be taken into 
account.) 

Because in the position and load-feel type of system the attempt 
is to duplicate as closely as possible a mechanical system, the 
loads, both normal and design, will be those which would be ap- 
plied to a mechanical system, except that the effect of pressure and 
of temperature expansion must be considered. 

Speeds of operation must be as rapid as possible, for with the 
mechanical system the speed of operation is limited only by the 
force that can be applied and the inertia of the surface being 
moved. The usual requirement for surface control systems is 1 
sec. from neutral to hard-over in either direction. 

In some types of control system, in fact, in most types, more 
than one of these three types can be used. For example, all three 
types have been used for nose-wheel steering on airplanes equipped 
with tricycle landing gears. The use of the first type of system — 
the load-feel system — results in a system in which the movement 
of the nose-wheel steering control, which may be a separate control 
wheel, the aileron control wheel, or the rudder pedals, is propor- 
tional to the force tending to turn the nose wheel. This means, 
for instance, that for half travel of the control, the nose wheel may 
turn almost the limit of its travel at low speeds and only a few 
degrees at high speeds, where the force required to turn it is much 
greater. This results in an equal centrifugal force on the airplane 
for equal displacements of the control wheel and produces a con- 
trol that gives full control at low speeds and is not too sensitive at 
high speeds. 

When the second type of control is used, the position control, 
with no load feel, an irreversible control system results, in which 
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the position of the nose wheel is determined by the position of the 
cockpit control. This results in a sensitive control at high speed: 
but because the centrifugal force, or side load, on the airplane can 
be readily felt by the pilot, such a system is controllable. It has 
advantages in parking the airplane or starting from a standstill, 
in that the pilot knows the position of the nose wheel. 

When the third system, combined position and load feel, is used 
for nose-wheel steering, a system results that is practically a 
duplicate of the steering system in an automobile. That is, both 
the loads and positions are felt on the cockpit control. Like an 
automobile, this system is sensitive at high speeds; but because 
the loads are high, overcontrol is prevented. 

Surface control systems have been built using each of these 
three types, but the third is the only one that has proved entirely 
satisfactory in practice. In theory, at least, the first should also 
prove satisfactory and should reduce the sensitivity of control at 
high speeds. However, mechanical connection to take care of 
possible hydraulic failure is difficult to arrange with this system, 
which limits its use, at least until hydraulic systems attain a higher 
degree of reliability. 

Automatic controls have not, as yet, received the attention they 
deserve. Automatic systems can be arranged sometimes with less 
complication than a conventional hydraulic system to operate some 
controls that now require attention on the part of the pilot. For 
bimotored single-place airplanes, this problem of pilot attention is 
serious, and there is a wide field for further application of automatic 
controls. 

Some of the controls to which automatic controls could be 
applied are as follows: oil radiator shutters, which can be con- 
trolled by the temperature or the viscosity of the lul)ricating oil; 
cooling radiator shutters, which can be conti'olled by the tempera- 
ture of the cooling liquid; and engine cowl flaps, which can be con- 
trolled by engine-head temperatures. 

Automatic control systems include three clean ents. The first 
of these is an element responsive to the effect tliat it is desired to 
control. In the case of cowl flaps, this would tak(‘ the form of a 
bimetal or liquid-filled element responsiv(‘ to tlu' (^ngine temp(Ta- 
ture. The second element is a valve opfa*a,t('d by 1h(‘ control 
element, and the third is the operating cylinder. One pnaaiution 
that it is necessary to observe in the design of such syst(‘ms is iho 
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provision of “droop/’ i.e., sufficient range of control to avoid hunt- 
ing. Dead-beat systems — i.e., systems that attempt to control 
temperature, viscosity, etc., to one point rather than over a range 
— often run into hunting difficulties. A typical automatic system, 
in this case an engine cowl-flap system, is shown in Fig. 56. 

Consider the operation of the automatic cowl-flap system shown 
in Fig. 56 first without the addition of the follow-up rod, z.e., with 
the valve body fixed. In this case, if the temperature rises above 
the neutral, or desired, position, the bimetal element moves to the 
right. This moves the four-way valve and directs fluid to the left- 
hand end of the operating cylinder, which opens the cowl flap. 
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Fig. 56. — Automatic engine cowl-flap control system. 


However, because the cowl flaps open relatively rapidly — at least, 
more rapidly than the engine temperature changes — the cowl flap 
will continue to open until it is full open before the engine will 
have cooled down sufficiently to bring the bimetal element back to 
neutral. The wide-open cowl flaps will induce such a large flow of 
air that the bimetal element will go past neutral in the cold direc- 
tion, whereupon the cowl flaps will immediately close all the way. 
Thus, hunting results from the use of this type system, which tries 
to keep the engine at one fixed temperature corresponding to the 
neutral position of the bimetal element. 

The magnitude of the hunting can be reduced by slowing down 
the operation of the cowl flaps, but not always to the point where 
satisfactory operation is attained. The addition of a follow-up 
rod, shown dotted between the cowd flaps and the body of the 
valve, changes the operation so that the cowl-flap system including 
this rod operates as follows: When the head temperatures rise so 
that the bimetal element moves to the right, the valve moves to 
the right, which directs fluid into the left end of the cylinder. This 
opens the cowl flaps and moves the valve to the right, catching 
up wdth the piston and shutting off the flow to the cowl flap. The 
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cowl flap and the bimetal are now in equilibrium in a new position, 
with the cowl flaps partly open and the head temperature slightly 
higher. Obviously, when the cowl flaps are wide open the head 
temperature will be above that coiTesponding to the neutral posi- 
tion of the bimetal element, and when the cowl flaps are completely 
closed the head temperature will be below neutral. This difference 
in temperatures over the range of cowl-flap operation is known as 
the “droop," and a system incorporating it is called a system hav- 
ing a “drooping” characteristic. Such systems are inherently non- 
hunting and must be used wherever rapid operation without hunt- 
ing is required. The droop necessary to prevent hunting must be 
determined by experiment, for it depends upon the friction and 
other characteristics of the system. 

The advantages of the application of such automatic controls 
to any control that must be operated by the pilot to keep a temper- 
ature, a viscosity, or a flow constant are obvious. Such controls 
have already been applied to propeller’s to keep engine revolutions 
constant and to supercharger regulator’s to keep manifold pressures 
constant. 

These control systems are being used in a limited way by airplane 
manufacturers, and their fur-ther application is limited principally 
by a lack of knowledge of the design of such systems. 

By deciding into what class any control system should be put, 
then following the general outlines given for the typical systems 
considered, it should be possible to design any typo of control 
system. The general requirements of all hydraulic systrans the 
airplane designer is likely to encounter having been described, the 
detail design of one of these systems will be discussed in the next 
chapter. 
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DESIGN PROCEDURE 

In previous chapters power systems and various types of sub- 
systems in use in modern airplanes have been discussed, and the 
loads and speed requirements and any special design requirements 
in these systems have been given. This chapter will cover the de- 
sign procedure for a typical aircraft hydraulic system. The final 
result of the design of a system is a schematic diagram showing 
the hookup of the various units and giving the sizes of the units 
and the connecting lines and a complete schedule of pressures, 
including relief pressures, operating pressures, etc. 

The detail design of the units will be taken up later. For the 
design of the system, a complete description of the hydraulics of 
the system is needed. The design procedure for an aircraft 
hydraulic system proceeds by logical steps from the known factors 
to the final result. The first step in the design of a system is the 
determination of the operating Iqads on all operating cylinders. 
This cannot be done until the landing gear, wing flaps, and other 
parts of the airplane that are to be operated by the h^^draulic sys- 
tem have been designed, at least in a preliminary manner. 

The loads on the wing flaps, landing gear, etc., should be put into 
the form of curves of load required plotted against travel of the 
operating cylinder. The maximum load that must be operated in 
any condition can be taken from this graph. This maximum load 
should be increased by a factor varying from 10 per cent in the 
case of a load curve that is sharply peaked, where the average is 
considerably below the maximum, to 25 per cent in the case of a 
load that is nearly constant over the travel of the operating 
cylinder, to allow for flow resistance in the operating system. This 
is on the assumption, of course, that the loads on the graph include 
all loads up to the operating strut, which include weight loads, air 
loads, friction loads, and allowances, or margins, for possible 
increase in weight and air load over those estimated in the original 
design of the airplane. 
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Fig. 57, — Weight of 10 ft. of 52SO aluminum-alloy and stainless-steel tubing and 
oil to transmit 10 hp. at 90 per cent efficiently and a stress of one-sixth the ultimate 

PiW + 

max ^^2 _ £,^2 



Fig. 58. — Weight of 10 ft. of tubing and oil to transmit 10 hp. af 00 jjor cent 
efficiency and a stress of one-sixth the ultiinuto, using tubing in the i-ang(‘ of avail- 
able D/T (including fittings spaced at 40 in.). 
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The nominal system pressure, i.e., the cutout pressure of the 
pressure-regulating device, should be made as high as possible, at 
least up to 3000 Ib./sq. in., in the interests of light weight. How- 
ever, the limited availability of tubing, flexible hose, and packings 
suitable for these pressures and the lack of service experience as well 
as limited availability of units such as valves and pumps have 



Fig. 59. — Weight of cylinder and oil to develop 50,000 ft. -lb. at a stress of 41,700 
Ib./sq. in. i}4 of 125,000 Ib./sq. in.). 

caused most systems, particularly on small airplanes, to be limited 
to pressures of about 1000 Ib./sq. in. The curves of Figs. 57, 58, 
and 59 show graphically the effect of pressure on the weight of 
hydraulic lines and hydraulic operating cylinders. 

The cylinder size can now be determined by taking the maximum 
cylinder load, increased 10 to 25 per cent to allow for line loss, and 
dividing it by the pressure available in the hydraulic system at the 
time that that particular unit is to be operated, which normally is 
the nominal system pressure. This calculation gives the area of 
the cylinder. If the cylinder is of the type having a piston rod 
extending out one end of the cylinder, as most cylinders are, the 
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full area of the cylinder is available only when the cylinder is 
extending. When the cylinder is retracting, the area that has 
just been calculated is the annular area outside the piston rod and 
inside the c^dinder bore. The stroke of the cylinder is, of course, 
determined by the mechanism that it operates. 

Calculating for an airplane similar to tlie DC-3, the cylinder 
loads and sizes would be determined for the landing gear, wing 
flaps, cowl flaps, and brake systems as outlined above. After 
finding the cylinder sizes, the speeds of operation must next be deter- 
mined. The areas and speeds being known, the maximum flow in 
the system can be calculated, and this will determine the size and 
power required and, at the same time, give a general idea of the 
size of the system. On the DC-3 no two sul:)systems are operated 
at the same time. Therefore, in order to d(‘t.ermine the maximum 
flow, the flow for each of the subsystems will be determined in order 
to find the largest. The wing-flap operating cylinder is assumed 
to have an area of 5 sq: in. and a 10-in. stroke. The cowl flap and 
brake cylinders are sufficiently small so that, although they must be 
calculated, they will not determine the maximum flow in the system. 

The required speed of operation of the landing gear is 10 sec. 
for retraction. There is no extension-speed recpurement. The wing 
flaps must operate in 7 sec. Since the volume of the retracting 
side of the landing gear is 3J4sq. in. (area), times 24 in. (stroke), 
times two cylinders, the volume that must 1;)0 pumped in 10 sec. 
is 168 cu. in., and the average maximum flow required in the 
landing-gear system is 6 X 168, or 1008 cu. in. /min. 

The flow in the wing flaps will bc^ 5 scp in. X 10 in. stroke, or 
50 cu. in. in 7 sec., making a flow of 50 X 7 , or 4.30 cu. in. /min. 
Since the flow required by the landing gear is re(iuir(;d at take-off 
speed, which corresponds to 3600 pump r.p.m., this rcMpiirc^s a 
pump displacement of 0.28 cu. in. per n^volution. Since the flow 
required by the flaps is recpiired during a})proach, wlum the pump 
is running at about 1600 r.p.m., this recpiin's a pump displacement 
of 0.268 cu. in. per revolution. Sinc<^ it thus ai)})(‘ars that the 
landing gear requires the maximum flow, it can now be said that 
the pump must deliver 1008 cu. in. /min., or about 43^ g.p.m., at 
3600 r.p.m. Since the brakes are power brakes and therefor-(; tlicre 
is an accumulator, it will be assumed that thc^ pump imnl only 
pump the average retracting flow. 
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Since it has been determined that the system is a 4J^g.p.m. 
system, which at 800 Ib./sq. in., develops roughly 2 hp., the 
system of pump regulation to be used can now be decided upon. 
Since the horsepower is sufficiently high so that there would be an 
excessive amount of heating in the system if all the horsepower 
were to be turned into heat by forcing the fluid always through a 
relief valve as in a constant-pressure type of pump-regulating 
system, this system cannot be used. Since the horsepower is not 
sufficiently high to cause an excessive amount of hammering in 
the system and variable-displacement pumps or other shockless 
forms of pressure regulation are thus not required in this particular 
case, an intermittent form of pressure regulation can be used in 
which, when the pressure is between certain limits, the pumps 
circulate oil freely under no pressure. Another factor that deter- 
mines the system of pump regulation to be used is the fact that in 
the DC-3 all the systems that are to be operated operate inter- 
mittently. Where there is a continuous drain on the system as, for 
instance, from the operation of power surface-control boosters, 
which are operated continuously in flight, the intermittent system 
of pump regulation is not satisfactory, because the regulator has 
to operate at a frequency of at least several times a minute, putting 
shock loads on the pumps, regulator, and lines throughout the 
system. 

It is now possible to proceed to the design of the power system, 
for its horsepower has been determined and its major feature, the 
system of pump regulation, decided upon. The first step in the 
design of the power system is the determination of special units 
that may be required and the special design requirements for the 
system. In previous chapters, these special design requirements 
have been listed. 

On the DC-3, because of the use of power brakes, an accumu- 
lator was used. Its capacity was determined by two criteria, as 
follows: (1) It had to be large enough to provide a sufficient quan- 
tity of oil under pressure to operate the brakes several times. (2) 
Because of the need to retract the landing gears in a short time, 
even with one engine inoperative, it was decided to make the 
accumulator sufficiently large vSO that, in the event of failure 
during take-off of the engine on which the hydraulic pump was 
mounted, the accumulator capacity would be capable of retract- 
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ing the landing gear, at least to the point where the drag of the 
airplane would be reduced to a reasonable minimum, which, in the 
DC-3, requires almost complete retraction. The accumulator actu- 
ally used has a capacity of 250 cu. in. In using up these 250 cu. in. 
the accumulator drops from a system pressure of 800 Ib./sq. in. 
down to its initial inflation pressure of about 300 Ib./sq. in. 

A hand pump is provided in the system to act as an emergency 
device and to charge the accumulator on the ground. Because 
this hand pump must act as a safety device, it should not be con- 
nected into the power system but should go directly to the pressure 
manifold. Therefore, in order to charge the accumulator on the 
ground an accumulator-charging valve must l:)e provided, which, 
when open, connects the hand-pump pressure line to the accumu- 
lator. 

There are no units in the DC-3 system that utilize extremely 
close fitting valves that might be worn rapidly by dirt in the hy- 
draulic system, and thus it was not necessary to provide an ex- 
tremely fine filter. A filter was pro\ided on the DC-3 that is 
capable of straining out all particles larger than 0.015 in. in 
diameter, because particles larger than this might possibly jam 
the pumps. 

The engine section forward of the fire wall is dcisigned to be 
quickly interchangeable. In view of this re(piirem(int, it was 
desired to incorporate valv(is at tin; fir(‘ wall tluit whem discon- 
nected would automatically shut off thc^ (‘ngin(‘ pump lines to 
obviate the necessity for draining the hydraulic systcun whenever 
an engine was clianged. 

A hydraulic automatic pilot is used on th(‘ DC '-3, and thc‘ fluid 
is stored in the same reservoir as that us(‘d for th(‘ hydraulic sys- 
tem. The hydraulic-syst(‘m j)ump is mount (‘d on on(‘ of the air- 
plane engines, and the automatic-|)ilot pump is mount(‘d on the 
other engine. In order that thc^ automat ic-pilot systcun could be 
operated in flight aftcu* th<^ failure* of its pump and the* hydraulic 
system could ol)erat(^ for landing and tak(^-off aftvr failure* of its 
pump, a pump chang(*-ov(U‘ valv(* was ineorporat(*d in tin* syst(*m. 
This valve was so arrang{*(l that wh(*n it is in its normal position 
the flow from th(^ left-(‘ngin(* pump is dir(‘et{‘d to tin* hydraulic 
system and the flow from th(^ right-(*ngin(‘ pump is dir(‘(d(*d to the 
automatic-pilot system. When tin* valv(* is thrown to its alt(‘rnate 
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position, the flow is reversed. That is, the right engine is connected 
with the hydraulic system, and the left engine is connected to the 
automatic pilot. 

In order to prevent pump failure in case of failure of the auto- 
matic pressure regulator a safety valve is incorporated in the 
system. This is simply a rehef valve set at a pressure somewhat 
liigher than the normal system pressure. 



Fig. 60. — Schematic diagram of the power system of the DC-3 airplane. 


Because in this airplane the four-way valves are normally kept 
in the closed position and a large accumulator is provided, it was 
not considered necessary to use a selective relief valve to ensure 
that fluid under pressure was always available to the brakes. 

Because the automatic-pilot system turns approximately J 5 hp. 
into heat at all times, which keeps the hydraulic system at a 
temperature on the order of 50®P. above outside-air temperature, 
it was not considered necessary to provide any means of tempera- 
ture control in the hydraulic system. There being no units in the 
hydraulic system that must operate at high altitudes, when the 
atmospheric pressure available to force oil from the reservoir into 
the pump is low, it was not considered necessary to provide a 
supercharged reservoir. 

The schematic diagram of the power system down to the direc- 
tional control valves can now be drawn. This is shown in Fig. 60. 
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It now becomes necessary to determine the line sizes and the 
sizes of relief and other valves in tiie system. The lines in the 
power system are ordinarily quite short, and therefore losses in 
these lines are determined more by fitting losses caused by turbu- 
lence than by viscous losses. To keep fitting losses down to a 
reasonable value it is only necessary to keep the velocity of the 
flow in the lines down to 10 ft./sec. or below. Any long lines in 
the power system should be designe^d with refc‘rence to pressure 
drop rather than velocity. Pump suction and pressure lines are 
ordinarily the only lines that fall in this category. The pressure 



Fia. 61. — Schematic diagram of the liui<ling-goar HuhHyHtem of the DC-3 airplane. 

drop in the pump pressure lines should he k(ipt down in the inter- 
ests of reducing the load on the pumi)s to a valuer of not over about 
5 per cent of the system pressun^, which in this case would be 
about 40 Ib./stp in. The pn^ssun^ loss in th(^ suction lines must be 
sufficiently low so that under normal opt'rating condit ions the suc- 
tion at the pump intake port do(‘s not. (‘xc(‘ed 10 in. of mercury. 
This requires relatively large suction liru^s in comi)arison with other 
lines in the airplane. Most of th(‘ pr(\ssur(‘ liru's in t he DC-3 are 
}^-in. tubing, but the suction line* is '^4-in. tubing. 

The necessary data are now availahk* to j)ut th(‘ lin(‘ sizes on the 
schematic diagram of the power .systc^u, so that this is now com- 
plete. The next step is to dc^tcumiru^ th(‘ sp(‘cial r(‘C[uir(‘ments of 
each subsystem and draw th(‘ir sch(unatic diagrams, from the 
valve onward. 

On the DC-3, special najuireimuits for the lan(ling~g(‘ar r(d.ract- 
ing system are few, for tlu* airplaiu^ has no “up” latclu's, the 
^‘down” latches are mechanically op<‘rat(*(l, and th(‘r(‘ ar(‘ no doors 
around the landing gear. Thc^ diagram of tlu* landing-gxair system 
is as shown in Fig. 61. 

The line sizes for this system can lx* calculat<‘d, for th(‘ following 
figures are now known. Th(^ normal cylind(‘r load naiuired for 
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retraction is known from the load-stroke curve. The size of the 
cylinder has been previously determined, and the flow required 
also has been determined. The pressure drop available, or the 
loss in the lines, is the difference between pressure available and 
the average pressure required. The line size should be determined 
by picking a size that, at the lowest temperature at which the 
system is expected to operate at the required speeds, will not have 
a pressure drop exceeding that available. 

As an example, the landing-gear retracting lines for the DC-3 
airplane will be designed about as follows : On the assumption that 
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Fig. 62. — Line-loss diagram, DC-3 landing gear. 


the load on the strut is about 2100 lb., the difference between the 
load, f.e., pressure times area — on the retracting side, and the load— 
f.6., back pressure times area — on the extending side of the pistons 
would be 2100 lb. Because the back pressure acts on a larger area, 
it cannot simply be said that the pressure on the retracting side 
minus the back pressure equals the effective pressure acting on the 
piston. Instead, effective back pressure must be used, which is 
equal to the actual back pressure times the ratio of areas, which 
equals in this case 5. 5/3. 5, or 1.57. A value for the pressure drop 
in the power system between the pressure-regulating device and 
the four-way valve will also have to be assumed. In this case, 25 
lb. is a reasonable value. Likewise, a value for back pressure be- 
tween the valve and the reservoir, which will also be taken as 25 
lb., must be assumed. When the gear is being retracted, it is clear 
that the flow out the return line wdll be greater than the flow^ in 
the retracting line in a ratio of 5.5 to 3.5. The line loss will now be 
divided between the retracting line and the extending line by mak- 
ing a diagram similar to that of Fig. 62. 

In Fig 62 (a) is a first approximation to division of pressures 



88 


A IRC RAFT H YDRA ULICS 


between the retracting Hide of the valve and the retracting side of 
the operating cylinder (the difference being the line los«) and the 
extending side of the valve and the extending side of the cylinder 
(the difference again being the line loss), which, as w^as previously 
pointed out, must be greater than the line loss in the retracting 
line. This first approximation obviously has too much line loss in 
the retracting line. In (b), the second approximation, the line- 
loss difference appears approximately correct, and line sizes can 
now be calculated from these line losses, the length, flow, and 
temperature being known, by using the line-loss chart (Fig. 16). 
In using this chai't, it is necessary to assume a line size and cal- 
culate the line loss. If the line loss comes out too low, a smaller 
line size should be selected and the pressure drop again determined 
from the chart. If the pressure drop comes out too high, a larger 
line size must be chosen for the second attempt. This calculation 
need not be extremely accurate, for line sizes vary by wide steps 
and the nearest larger line size must ])e chosen. These same cal- 
culations should be run through for all long lines in the system and 
for operation of all the subsystems in both directions. 

After all line sizes have been dctemiincd, it becomes necessary 
to set the relief-valve pressures. The relief-valve pressures should 
be as low as possible to prevent high pressures and high stresses in 
the system. However, they must be set sufficiently high so that 
they will not allow movement of the operating system under 
normal conditions. That is, they must not allow the landing- 
gear system partly to extend under any load factor less than the 
applied load factor for that airplane, and similarly for all other 
subsystems. It is permissible, of course, for tlie relief valve to 
relieve abnormal condit ions such as load factors above the applied, 
and pressures built up by tempcn-atur(‘ (‘xpansion. It is not prac- 
tical to set a relief valve closer than alxait 2()() lb. or 10 pen- C('nt 
above normal operating, or system, pressun^s. This is necessary 
to prevent leakage in case of maladjustment of the r(.‘gulating 
valve or the relief valve. 

In cases where tlie landing gear is m(^chanically latched in the 
retracted position, tlie relied' valve setting is usually dcdc^rmined by 
the minimum ])ractical pressiux* diff(‘n‘ntial above? syst(‘m pressur(‘. 

The design loads and ])reijsur(^s throughout th(‘ hydraulic sys- 
tem can now be determin(?d. Tin? maximum loads ar(‘ d(‘t(‘rmin(?d 
by accelerated flight, maximum airload, and other maximum load 
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conditions. When operating cylinders are at their end positions, 
the loads tend to force them against their stops or latches. These 
loads cannot build up pressures in the hydraulic system but merely 
act as structural-design conditions for the operating cylinder and 
its attachments. Loads along the travel of the cylinders, how- 
ever, do build up pressures in the operating system. Maximum 
loads can occur under either or both of these conditions. Relief 
pressures affect the lines, operating cylinders, valves, and all other 
parts of the system that are relieved by each relief valve. 

Each of these three loads, operating loads, relief loads, and 
maximum loads, must be multiplied by the proper factor and the 
highest of the resulting loads taken as the design load for the par- 
ticular system under consideration. These factors are determined 
from the outline below and are chosen to allow a sufficiently 
high margin in operating conditions to take care of fatigue strength 
of the various parts of the system. When relief pressures and 
maximum pressures are reached only rarely, only the yield strength 
of the materials need be considered. 

Factors of Safety 

All parts should be analyzed for the highest of the design loads below, ulti- 
mate strength of material being used. 

1. Frequently encountered working load (multiply actual load by 2.5 to obtain 
design load) . A working or operating load encountered during normal oper- 
ation, possibly 25 operations or more per day or continuous loads such as 

а. System pressure loads. 

б. Bungee loads. 

c. Ig landing or flight loads. 

d. All flight-control applied loads. 

2. Rarely encountered working load (multiply actual load by 2.0 to obtain 
design load). A working or operating load encountered during normal 
operation but relatively few times per day, possibly less than 25. 

a. Air loads on doors, etc. 

h. Belief pressure loads. 

c. Betracting mechanisms and controls. 

d. Emergency units. 

3. Stress-analysis design load (obtain from stress analysis). An arbitrary de- 
sign load or a structural design load such as 

а. Arbitrary load (handle load, towing load, etc.). 

б. Accelerated flight or landing loads. 
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4. Strength of lines. Lines subject to accelerated flight loads shall not be 
stressed above the yield point under limit (applied) load conditions regard- 
less of relief-valve setting. This need not be checked unless accelerated 
flight pressure exceeds 2^4 times system pressui-e. 

Lines shall be capable of withstanding 2}4 times the oi>erating or 2 times 
the relief pressure at the yield strength of the material and 5 times the 
operating or 4 times the relief pressure at the ultimate strength of the 
material. This applies also to flexible hose. 



Fig. 63. — Schematic diagram of the hydraulif? system on a typical transport air- 

Ijluiie. 


The factors for use in lines are highcn* tlian thos(‘ reciuir(;d for 
operating cylinders because allowance's must b(‘ niudt^ for flattening 
of the lines at bends, reductions in st rengt h at fiar-(Hi (*nds, etc. 

All these factors are sufficiently high so that the ultimate^ strength 
of the material can be used in the calculatifins. Th(‘ actual d(‘sign 
of the sizes of the various mcunbei's of th(‘ system— Le., the cylinder- 
wall thickness, thickness of end caps on cylind(‘rs, (‘tc. — will b(i 
described in Part III, LTnit Design. Hie lin(‘ siz(‘, h()w(‘V(^r, can 
be determined now, by taking the highest d(‘sign i)r(‘ssure, includ- 
ing the proper factor, and calculating th<‘ str(‘ss in th(‘ lin(‘ by the 
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formula S = Pi/2L In this formula, S is the stress, P is the 
pressure, d is the inside diameter, and t is the wall thickness. 
When calculated by this formula, using the desip pressure, the 
stress must not exceed the ultimate strength of the material. 

The necessary information is now available to draw a complete 
schematic diagram of the system showing the units and their 
hookup in both the power system and all the subsystems and 
all pressures and line sizes. The sizes of the operating cylinders 
and of the lines that connect to the valves, replating devices, 
etc., which determine the sizes of these units, are also known. A 
complete schematic diagram for a typical transport airplane is 
shown in Fig. 63. 

Now that the system has been determined, it is necessary to 
proceed to the detail desip of the units making up the system, 
which will be discussed in Part III. 
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CHAPTER VII 


DESIGN OF BASIC UNITS 

Unit design will be covered in three chapters, the first of which 
will take up the design of the units comprising the basic system, 
including reservoirs, pumps, valves, operating cylinders, and lines 
and fittings. 

Before designing any hydraulic unit, certain factors must be 
known that ordinarily are calculated at the time that the system is 
designed. (1) The type of unit to be used must be known. This 
is usually described as ^'similar to’^ some previously designed unit. 
(2) The size of the unit must be known, including its displacement, 
if it is a pump or operating cylinder, and the size of the passages 
or size of connecting lines if it is a valve or control unit. (3) The 
controlling pressures must be known, including the normal operat- 
ing pressure and the design pressure. (4) It is necessary to have 
some idea of the surrounding structure in order to provide the 
proper attachments and to locate ports in such locations that they 
will not interfere. (5) All special requirements of the unit, such as 
the inclusion of latches, must be known. There are certain special 
requirements that apply to each unit. These will be given as the 
design of each unit is taken up. 

Any standard parts available must also be known. These in- 
clude such items as bearings, packings, check valves, and fittings, 
which are usually procured from outside sources or which have 
been standardized by such agencies as the SAE or the military 
services. The use of standard parts simplifies design considerably 
in that it obviates the necessity of designing special packings or 
other special parts for each new unit design. It also simplifies 
maintenance in that the parts which might need to be replaced 
when the unit is overhauled, including packings, bearings, etc., are 
standard parts and thus are readily available. 

Standard packings are available in two form>s, the V packing 
ring shown in Fig. 64 and the cup packing shown in Fig. 65. , A 
third type, which is a simple round ring of synthetic rubber, is also 
coming into general use. 
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The first two have both been adopted from other industries, 
the V type from various steam cylinders, water pumps, and similar 
devices and the cup type of packing from the packing used in 
automotive brakes. The V packing is commonly used where long 


"""•Groove -for F/exibUifu 
(In certain makes only) 

Must be fiUeof vrith Neoprene 
or eauiva/errk fi/Jer riny ivr 
hiyn pressure service 


■Packing PingF (2 or more) 


Ring Before 
Installation 

Metal Fnof F/ngrs 

Fig. 64. — V-type packing. 

wear and long life are desired and where the clearance of the back- 
up ring cannot be held to extremely close limits. The disadvantage 
of this type of packing is that it I’cquires more space than the cup 
packing and is therefore not so well suited for installation in small 
units such as valves. This packing is \ised almost entirely in 
operating cylinders. 




F/are to yive /nitiaf 
sea/ Oft /ow pressure 


i.J Cup Packinp 

j 1 (Useoi siny/y) 


Cup Before 
Installation 

Fig. 65. — Cup or U packing. 





The cup packing requires less spac(‘ for installation but requinis 
closer tolerances around the back-up ring t(i ensun‘ satisfactor\' 
life and must lx; mounted in relat-ively rigid parts Ix^causc^ (‘xpaii- 
sion of the surrounding parts whcm under pressures will otlauavise 
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increase the clearance around the back-up ring to a point where 
the life of the parts will be unsatisfactory. 

Round-ring packings are used both in cylinders and in valves. 
They present in general the same advantages and disadvantages 
as cup packings, with the further advantage that one ring will 
seal in both directions. 

Other standard parts such as ball bearings and bolts can be 
obtained from various manufacturers’ catalogues and the Air 
Corps Standard Parts Book. 

Of the various units that make up the hydraulic system, one 
which is common to them all is the reservoir. The type of reservoir 
that is used on almost all modern aircraft is constructed of welded 
aluminum-alloy sheet. It may be of various shapes, depending on 
its location in the airplane. The shape that is best from a hydraulic 
standpoint is the vertical cylindrical tank because when a high 
flow is circulating through the tank the oil can be introduced into 
the tank tangentially, thus giving a smooth rotating flow in the 
tank with a minimum of turbulence and therefore a minimum of 
foaming. 

Size is determined by the requirements of the airplane. The 
rule for determining the capacity of a hydraulic reservoir is as 
follows: 

Capacity. A fluid reservoir shall be provided, having a capacity of at 
least 150 per cent of that sufficient to provide for changes in volume due 
to temperature change of 100° F. and to changes in internal volume of all 
operating mechanisms including pressure accumulation. The total 
amount of fluid thus required shall be provided above a point at least 2 in. 
above the top of the reservoir outlet which leads to the power-driven 
pump or pumps. A sufficient volume of fluid shall be provided below 
this outlet, but above the reservoir outlet which leads to the auxiliary 
hand pump, to permit complete actuation of all mechanisms essential to 
making a safe landing (except the landing gear when it can be extended 
in emergency without the use of hydraulic power, and provided that fluid 
does not flow into the landing-gear cylinders during such emergency 
extensions) , assuming that no fluid is being returned to the reservoir dur- 
ing such actuation. 

Reservoirs ar*(‘ normally tested to a pressure of about 5 Ib./sq. in. 
to check tlumi for leaks. This pressure need not be considered in 
thc‘ dc^sign of the res(U’voir unless the reservoir has relatively large 
flat areas. A circular* i*eservoir with domed ends and in the sizes 
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normally used is capable of taking up to 30 or 40 lb. pressure per 
square inch without yielding. When the reservoir is supercharged 
to provide fluid at the engine pumps at high altitudes, the reservoir 
must be designed for a pressure sufficiently above the supercharg- 
ing pressure to provide a reasonable margin of safety. 

The structure surrounding the reservoir determines the position 
of the ports on the reservoir except that the vertical position of 
certain ports such as the engine-pump outlet and the hand-pump 



Fig. 66. — Typical reservoir showing fluid levels. 


outlet must be determined from the position of th(^ fluid levels. 
These fluid levels are shown on the typical reservoir shown in 
Fig. 66. The location of the levels is determined by the rcfiuire- 
ments of the preceding paragraph on reservoir capacity. 

The supporting structure for the reservoir normally consists 
of a padded support, on which the bottom of the resfu'voir rests, 
and a felt-lined clamp or strap to brace the top of the resc‘rvoir. 

Special requirements for reservoirs include pro|)f‘r port locations, 
the incorporation of a filter in some cases, and som(‘ sort of k'vel- 
measuring device such as a gauge glass or a dip stick. 

The reservoir is nearly always construct(‘d of w(‘lded aluminum 
and is similar in construction to aircraft fu(4 tanks. The ports 
usually consist of aluminum castings w(‘ld(‘d to t he r(‘ser\'oir and 
tapped for pipe threads or, in more reccunt d(‘signs, foi tin* st raight 
threads used with the swivel type of fittings. 
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There are two general types of hand pump used in aircraft, the 
double-ended type shown in Fig. 67 and the single-suction type 
shown in Fig. 68. 

In the double-ended type, each end of the pump is a separate 
single-acting pump. In the single-suction type, when the piston 
travels to the right oil is sucked into the left end of the pump 
and fluid is forced out the outlet port. When the piston is 
moved to the left, oil in the large left-hand chamber is forced 



pump. 



Fig. 68. — Single-suction type hand 
pump. 


through the check valve in the center of the piston into the smaller 
annular chamber around the piston, the excess going out the pres- 
sure port. Only two check valves are necessary in this type of 
pump, an intake check valve and a check valve in the center of 
the piston. Because the hand pump is an emergency device, it is 
also desirable to incorporate a check valve at the outlet port, 
for otherwise after failure of the intake check valve the pump 
would not pump on either stroke, whereas, if an outlet check valve 
is incorporated, any one check valve can fail and the pump will 
still pump on at least one stroke. This not only is safer but also 
gives warning of approaching complete failure. 

The displacement or size of the pump is determined by the max- 
imum pressure that it must deliver under normal operating condi- 
tions and by the allowable handle load. For instance, in a pump 
that must deliver 1000 lb. of pressure with a 50-lb. handle load and 
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a handle travel of 16 in., the work available is 50 X 16, or 800 
in.-lb. Since the efficiency of the pump will probably not exceed 
90 per c^nt, only 720 in.-lb, of work can be done on each stroke if 
the handle load is not to exceed 50 lb., or a total of 0.72 cu. in. 
per stroke at 1000 Ib./sq. in. 1000 lb. X 0.72 cu. in. = 720 in.-lb. 
of work. Since in a single-suction type of pump the intake stroke 
must pump sufficient fluid for both outlet strokes, its displacement 
in this case would be 1.44 cu. in., and the displacement of the 
annular chamber around the piston rod would be 0.72 cu. in. 

A pump in which the ratio of stroke to bore is close to 1 to 1 is 
likely to be lighter in weight and more conventional in design 
than a pump with a very long stroke and a small bore or an 
extremely short-stroke large-bore pump. One pump in common 
use, which has approximately the displacement just given, has a 
1-in. -diameter piston rod, a 1^-in. bore, and a 1-in. stroke. 

The maximum pressures used for the structural design of the 
pump, including wall tliicknesses of the cylinders and thicknesses 
of the cylinder heads, depend on the system to which the pump is 
connected. If there is no relief valve in this vsystem, the pump 
must be designed for the highest handle load that can be applied 
to it. This is on the order of 250 lb. and would produce a pressure 
in the pump cited above of about 5000 Ib./sfi, in. However, most 
systems incorporate relief valves. If th(i relied valve in the outlet 
line is set to 2000 Ib./sq. in. and the ordinary factor of safedy of 2 
is used, then the design pressure would be 4000 lb./s(|. in. and the 
pump would be designed for this pressure. Tlie slr<‘ss in the cyl- 
inder walls, which should not exceed th(‘ ultimate slrengtii of the 
material, will be det('rmined by the usual formula S = Pd/2t. The 
stress in the flat cylinder head can lx* d<‘t<‘rmin(‘d I)y calculation 
but can more easily bc^ d(‘t,ermined by ref(Tring to charts in which 
D/t is plotted against i:)ressure for matx'rials of various stnuigths. 
Such a chart is given in Fig. 69. 

The surrounding structure determiii(\s only s(^coiidary h^atures 
of the pump design. It d<‘termin(‘s th(^ typ<‘ and location of the 
pump attachments, handle arrarigennuit , and poit locations. Tlu' 
two types of pump attachnnait now in common us(‘ ar(‘ through 
bolts and tension bolts. Th(‘ shear-bolt attachimait, g(‘n(‘rally 
results in a satisfactory design, but it may loostm aft(‘r r(‘p(‘atf‘d 
pumping unless the bolts are kept tighhuuxl. In th<‘ t(‘usion-holt 
arrangement, looseness in the Ijoltholes cannot caus(‘ wear, foi 
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loads are taken in tension in the bolt, which can be tightened to 
eliminate all lost motion. The pump handle should be so located 



in the airplane that the direction of motion of the grip is approxi- 
mately in line witli the forearm of the person pumping. That is, 
the handle axis is approximately at right angles to the forearm of 
the person pumping. Any other arrangement makes it more 
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difficult to pump, and the handle loads must be correspondingly 
reduced if the pump is to be operated without excessive exertion. 

Port locations must be determined more from hydraulic con- 
siderations than from the surrounding structure, for outlet ports 
must be on the top of hand pumps to permit any trapped air to be 
pumped out. Also, the location of ports along the travel of the 
piston is determined by the design of the pump. One special 
requirement of hand pumps is that, where there is a relief valve in 
the outlet line for the purpose of backing up pressure to ensure 
brake operation or for some similar purpose, the hand pump should 
be capable of pumping air to a pressure above 
the relief-valve setting. If this is not done 
and air gets into the pump, a condition may 
be encountered in which the pump will simply 
reciprocate, compressing and expanding the 
air, but not freeing itself of air, because the 
air cannot be compresscid to a sufficiently 
high pressure to go past the relief valve. 

Pumps arc made from various materials. 
Usually the bore is steel to provide maximum 
wear resistance. This may be accomplished 
by providing a steel body or by using a cast or forged dural body 
with a pressed-in steel sleeve. The piston rod is almost invariably 
steel with a hard chrome-plated surface to minimize wear resulting 
from dirt, which might adhere to the oily piston rod. The handle 
socket is usually cast or forged dural, and the handle itself is 
usually a piece of dural tubing. 

There are two types of engine pump in common use, gear pumps 
and piston pumps. Gear pumps as shown in Fig. 70 are familiar 
to most engineers, and no description of them should be necessary 
beyond saying that oil travels from the intake port around the 
outside of the gears to the outlet port and cannot return through 
the meshing teeth in the center of the pump. These pumps are 
not suitable for pressures above 1000 Ib./sq. in. unless special 
devices are incorporated to reduce the leakage* which at high pres- 
sure occurs past the ends of the teeth and past th(^ sid(‘s of tin* gears. 

Piston pumps such as the one shown in Fig. 71 can he much 
more closely fitted and are suitable for pumping much higher 
pressures, up to 3000 Ib./sq. in. Operation of this type of pump 
is as follows: 



Bronze Bushinas^ 
(or hfeed/e Beann^s) 


Fig. 70. — Typical gear 
pump. 
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When this pump is rotated clockwise (looking at the mounting 
flange) the pistons travel in and out with respect to the rotating 
cylinder block. When the pistons are traveling in, they force oil 
out the outlet port in the stationary valve block, and when they 
are traveling out, on the other side of the pump, they draw oil 
into the cylinders through the intake port. 

The size of the engine pump is determined by the maximum 
flow requirement in the system and is usually expressed in g.p.m. 
at some specified speed. It may also be expressed as cubic inches 



per revolution. Pump speeds are usually 1 to 1)^ times the engine 
crankshaft speed. There are no design pressure requirements for 
engine pumps; they simply must operate without excessive wear 
at their normal operating pressures. 

The surrounding structure consists of the engine and its acces- 
sories. This determines the mounting pad and type of drive shaft 
of the pump, and surrounding engine accessories may determine 
the position or direction of the intake and outlet ports. The size 
of the ports is determined by flow considerations. As in most 
units, the flow should be kept below 15 ft./sec., and preferably 
lower in the suction port. 

One special requirement that applies to engine pumps is the 
provision of a weakened section in the shaft. This will shear off 
and protect the engine in case of internal binding or seizing in the 
pump. 

Pumps of the piston type are made into variable-displacement 
pumps by arranging the cylinder block and valve plate so that 
they can l)ei swung into line with the shaft, the displacement being 
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thus reduced to zero. One type of pressure-regulated variable- 
displacement pump is shown in Fig- 72. _ 

The use of this type of punup eliminates the necessity for any 
other pump-regulating means in the system ; for when the pre.S8ure 
rises after the travel of some operating unit has been completed, 
the rising pressure forces the pump back to zeto displacement, 
thus stopping the flow in the linos. Variable-displacement pumps 
must always pump their own leakage. Leakage in the pump, 
past the valve plate or cylinder, tends to reduce the pressure in 



Fig. 72. Typicy-l prcssurc-rcguliitcd variable-dispUiocmient pump. 

the outlet line, so that the pump then has to move to a partial 
displacement position sufficient to pump an amount of fluid equal 
to the leakage. This results in heating, for this fluid does no use- 
ful work. However, if there is not too much leakages through the 
pump, the heating does not exceed that gimerated when a constant- 
displacement iDump operates at th(^ hack ])r('ssure nec(‘ssary to 
force the fluid through the pre.ssiire lines and hack to the rest^ivoii. 

Most aircraft pum[)S operate under pre-ssuri' only a small pei- 
centage of tlie total flight time, for most jiir*craft incorjxjrate a 
system of pump regulation using a constant-displac(*m(‘nt pump 
and automatic by-pass valve. Wh(‘n th(‘ pump must operate 
under pressure continuously, the bearings must lx* large *r and the 
pump must be desigix'd more cons(‘rv{itiv(*ly in onh*!' to give a 
satisfactory life. 

Most airci’aft manufacturers do not d(‘sign or manufacture 
their own engine-driven pumps hut buy th(‘m irom nianutacturers 
specializing in such units. Such data as siz(', ])r(‘ssur(‘s, (*ngino 
attachments, and other special requirenxmts must lx* ))rovid(‘d the 
pump manufacturer if he is to de.sign a satistactory pump. 1 hese 
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are usually provided by writing a pump specification, which is 
sent to all the interested pump manufacturers, if a satisfactory 
pump cannot be chosen from manufacturers’ catalogues. 

Operating cylinders have been standardized in design during 
the past few years. Thus, most cylinders closely approach the 
design shown in Fig. 73. 

The areas of the operating cylinder are determined by the loads 
that the cylinder must operate against and by the pressure avail- 
able. The stroke is generally determined by the design of the 
mechanism that the cylinder must operate. When the strut must 
operate chiefly in tension, the piston rod should be made as small 
as possible; however, if it is made too small, the cylinder will not 
be a satisfactory piece of machinery. As a general rule, the piston- 
rod diameter should not be less than one-fiftieth the extended 
length of the strut. 

The pressures, both operating and design, are normally deter- 
mined when the system and its loads are calculated. The pres- 
sures determine cylinder-wall sizes, cylinder-head size, etc.; the 
external loads, which are applied to the cylinder at the end of its 
travel, affect the size of the end fittings. 

The surrounding structure has considerable effect on the design 
of the strut. It determines the type of end attachments and has 
some effect on the port locations, which, however, should be as 
close to the top of the cylinder as possible, so that trapped air can 
be returned to the reservoir when the cylinder operates. 

Special requirements for cylinders may include such features as 
bleed valves for removing air from cylinders, on cylinders that 
have to operate in synchronism with other cylinders where air 
might lead to erratic operation, or dashpots in the ends of cylinders 
for gradually slowing down heavy weights such as landing gears 
at the end of the stroke. Dashpots are not required to slow down 
the moving parts of the cylinder itself, for most cylinders move 
relatively slowly, at speeds usually not over 1 ft, /sec. However, 
where a heavy landing gear, which may weigh 100 to 1000 times 
as much as the weight of the parts in the cylinder itself, must be 
stopped at the end of its travel, a dashpot may be required to 
In-ing this weight to rest gradually, in order to prevent damage to 
the inside of the cylinder or the attaching structure. A typical 
dashpot design is shown in Fig. 74. This dashpot operates by 
trapping a certain quantity of fluid inside the hollow piston head, 
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which, at the end of the travel, must be forced out the small gap 
between the plug on the cylinder head and the piston head, thus 
offering considerable resistance to motion. Another type of 
dashpot is shown on the typical cylinder in Fig. 73. 



Fia. 74. — Simple dashpot. 

The construction of most cylinders consists of a steel cylinder 
barrel, cast or forged aluminum-alloy ends, and a chrome-plated 
steel piston rod with an aluminum-alloy or bronze piston head. 
Packing is, in almost all cases, of the Y type or the round-ring 
type. 

Three types of directional control valves have been used in air- 
craft hydraulic systems, plug valves, slide valves, and poppet 
valves. Plug valves, such as that shown in Fig. 75, were used 
extensively some years ago but are not often used in modern 
hydraulic systems because of the 
high handle loads required and 
the leakage that rapidly develops 
as a result of wear between the 
metal parts. 

Slide valves, a typical example 
of which is shown in Fig. 76, may 
be used wherever leakage is not 
important but where extremely 
low handle loads are required. 

Such valves are usually designed 
to be in hydraulic balance; Le., the hydraulic pressures have 
no tendency to jam the piston or to move it in either direction. 
Because such valves depend on a viscous seal between the piston 
and the bore, they always have a certain amount of leakage, 
depf^nding on the pnissure and the viscosity of the fluid in the 
system. This leakage ranges from a few drops per minute in a 



Fig. 75. — Typical plug-type direc- 
tional control valve. 
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small accurately made valve using Sperry oil at moderate tem- 
peratures to 1 g.p.m. or more in large valves that are badly worn, 
using Sperry oil at high temperatures. 

Reservoir Pressure Reservoir 



Fig. 7G. — Typical slide-type directional control valve. 


Poppet valves, a typical example of which is sliown in Fig. 77, 
are the type of valve most commonly used in modern aircraft 
hydraulic systems. These valves will seal perfectly and will main- 
tain their seal for a considerable period of time; z.e., they do not 
wear rapidly. They are suitable for very high pressures and for 
thin fluids because the seal is created by metal-to-metal contact 
and the loads at the sealing surface are sufficient ly high to produce 
a satisfactory seal, but not so higli as tx> cause local failure. Such 
valves do not wear rapidly because^ valve is raised off and 
lowered onto its scat and there is no sliding motion betwe(m the 
valve and the seat. The operating m(^ans may be a longitudinal 
cam or a rotating cam. 



The size of any one of these typers c^f val\’{‘ is d(‘t(u-miru‘d by the 
size of the attaching line and the ixKiuinMmuit that lh(‘ pn‘ssure 
drop at the maximum rated flow should not In* (‘xc(‘ssiv(‘. This 
usually 1 ‘esults in a valve having flow v(tociti(\s t hrough its smalh^st 
passages — usually the passages ]K‘tw(U‘n th<‘ valve* and the* s(*at — 
of not over 15 ft. /sec. 
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Because of the fact that such valves are generally made from a 
block of material or, at any rate, have relatively heavy walls, the 
pressure strength is usually not a determining factor in the design 
of the valve. However, the handle load is directly determined by 
the load required to raise the poppet off its seat against normal 
operating pressure. Because most valves are designed as standard 
parts, the surrounding structure obviously can have no effect on 
the design of the valve. However, the selection of a standard 
valve or of a design, in the case of a special valve, may be deter- 
mined by the surrounding structure to the extent that it may 
determine port locations and handle arrangement. 

There are a few special requirements for valves. It is customary 
to provide a distinctive handle on landing-gear valves in order to 
reduce the possibility of inadvertent retraction of the landing gear 
through mistaking the landing-gear valve for the wing-hap or some 
other hydraulic valve. Some valves are also arranged so that the 
handle is returned to the neutral position by springs or by pressure 
rise. Such valves are not commonly used, however. 

Small poppet valves are sometimes made by using a steel body 
with the seats machined as part of the body. The larger valves 
are usually made from a cast or forged dural body having inserted 
seats of a harder metal. The poppets are almost invariably made 
from hardened steel, although one recent design uses plastic 
poppets. Slide valves should have both the body and the valve 
piston made from hardened steel to prevent wear from particles of 
dirt in the oil. Also, if slide valves have both the body and the 
piston made of the same metal, clearances will not change with 
temperature changes. 

The lines used to connect these various units may be of various 
materials, the commonest of which are 52SO and other soft 
aluminum alloys, stainless steel in either the annealed or quarter- 
hard condition, and 17ST aluminum alloy. 52SO lines have the 
advantage that the material can be easily bent and flared, which 
is necessary whc^n^ the AC811, AN, or “Parker” type ol flared line 
fitting is to be; usc^d. l^his material has the disadvantage that be- 
caus (5 of its low sti'ength/ weight ratio the wall thicknesses and 
weights become excessive when used in a high-pressure system. 
7)2 SO and similar alloys are not normally used when the operating 
pressure exce^eds 1500 Ib./sq. in. 

Stainless steel in the annealed condition can be used for higher 
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pressures than 52SO, because of its higher strength, but it is rela- 
tively heavy because of its low strength when compared with its 
weight. Stainless steel in the quarter-hard condition is a suitable 
material for high-pressure lines. It is not suitable for low-pressure 
lines because the wall thickness required would be so thin that the 
tubing could not be satisfactorily bent or flared. However, when 
operating pressures approach 3000 Ib./sq. in., quarter-hard stain- 
less steel is lighter than 52SO by a considerable percentage. The 
ends of this tubing must be annealed in order to flare it success- 
fully. This annealing must be kept inside the sleeve of the fitting, 
for otherwise the burst strength of the tube would be only the burst 



Fig. 78. — Typical line-support clips and blocks. 


strength of the exposed annealed section. If the tube expands into 
the sleeve when abnormally high pressures are applied, no harm 
is done. In fact, the vibration strength of the line is increased, 
for then the vibration stresses are concentrated in a straight por- 
tion of the tube where it leaves the sleeve ratlier than at the base 
of the flare where the material has been distorted and thinned out 
by the flaring operation. 

17ST has the serious disadvantage that, when used with the 
flared type of fitting, it must be worked in the anncjaled state and 
then heat-treated. 17ST can be bent in its hard state, however, 
even though it cannot be flared, and therefore is suitable when 
some type of flareless fitting is employed. 

These lines are attached to the airplane hy clips, typical (examples 
of which are shown in Fig. 78. The loop type of clip is <‘inploy(‘d 
when a single line is to be attached to th(^ st ructures clamping 

block is employed where a number of lines are to be fastcuu^d to 
the structure. These blocks may be made from bak(‘Iit(‘ or hard 
fiber, or they may be built up from a synthetic rublxn- or a Neo- 
prene-cork compound backed up by aluminum channels. Both 
these types of clips must incorporate some sort of midal })onding 
strip because all lines in airplanes must be bonded to the* structure 
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at short intervals to avoid radio interference. These clips are 
spaced along the lines at sufficiently close intervals to prevent the 
possibility of line failure through vibration. Long, unsupported 
lines may have a sufficiently low vibration period to cause them to 
be in resonance with some vibration of the airplane, such as that 
caused by the engine. When lines vibrate, they fail in fatigue at 
a relatively rapid rate. Recommended clamp spacings for clamps 
on hydraulic lines are given in Table II. 

Table II. — Recommended Spacings for Clamps on Hydraulic Lines 


Size 

of 

line 

Material 

Maximum developed length, inches 
(measured along tube) 
between supports 

He 

Aluminum 

12 

He 

Steel 

14 

H 

Aluminum 

13J^ 

H 

Steel 

16 

He 

Aluminum 

15 

He 

Steel 

18 

Vs 

Aluminum 

16H 

Vs 

Steel 

20 

y2 

Aluminum 

19 

y 

Steel 

23 

Hs 

Aluminum 

22 


Steel 

25H 

H 

Aluminum 

24 

M 

Steel 

273^ 

1 

Aluminum 

26^2 

1 

Steel 

30 


The fittings to which the lines are connected may be of several 
types. The type that is by far the most commonly used is the 
AC811, AN, or Parker type of 
fitting shown in Fig. 79. With 
this type of fitting the tube is 
flared and the seal is made by 

tightening the inside of the flare -in . ^ u 

against the nose of the fitting 

with such force that the deformation that results makes a perfect 
metal-to-metal seal. In order to flare satisfactorily a metal must 
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have an elongation of about 30 per cent; this limits tubing 
materials to relatively low-strength materials. 

There are several types of fitting on tlie market that do not 
require flaring of the tube, none of which, howevcn*, is in very com- 
mon use. One type, which uses a flexible gasket to sf^al the tube 
end, merely crimps the end of the tube to take the tension loads. 
This type is illustrated in Fig. 80. 



Fkj. 80 . — Flex il)le-gaHkot “type fiiiiin!;. 


This type of fitting, besides se.aling against hydraulic pressure 
at very light wrench loads, is very satisfactory from the stand- 
point of vibration because vibration stresses are concentrated 
where the rubber meets the tube i*ath(n’ than at t.he ba,se of the 
flare. Such fittings will normally last about twice as long as flared 
fittings when subjected to extreme vil)ration. Practically all 
fittings are designed to be as strong as the line to which they will 
be attached, so that pressure strength nc^ed not be considered in 
the choice of fittings. 

The detail design of the units common to all hydraulic systems 
has now been discussed. Th(^ dcdail d(\sign of special units such as 
pressure regulators and brake control valves will lx? d(wcribed in 
the following chapter. 



CHAPTER VIII 


DESIGN OF SPECIAL-PURPOSE UNITS 

The design features of the common units in aircraft hydraulic 
systems have now been described. In this chapter, special-purpose 
units will be discussed, and examples of the procedure followed in 
their design will be given. 

The need for special-purpose units arises whenever a new func- 
tion is to be performed by the hydraulic system. As in the case of 
standard units, there are certain factors that must be known be- 
fore the units can be designed. With special-purpose units, the 
first of these factors is the desired performance of the unit, or its 
operating requirements. The size of the unit must be given in 
terms of the flow of fluid through it and the loads that will be 
applied to it. 

The pressures to which it will be subjected must be given, includ- 
ing the normal operating pressure and the maximum pressure. 
Sometimes it is necessary to take into consideration the surround- 
ing structure or the structure to v/hich the unit will be attached. 

It is clear that any unit can be made up of only two com- 
ponents, as follows: valves, which control the flow of fluid; and 
pistons, which change fluid pressure into power, or vice versa. In 
general, piston design follows straightforward rules, but valve 
d(\sign d('p(‘nds largely on the design requirements. For instance, 
if leakage can I)e allowed through the valve and the forces available 
to operates the valve are low, then slide valves are indicated, 
whereas, if there is no leakage allowable and the forces available 
are fairly large, popped valves must be used. 

As an exami)le of the procedure that is followed in the design of 
a special-} )urpose unit, consider first a brake control valve, one of 
the first of which was used on the Douglas DC-3 airplane. The 
re(|uir-einent in this case was that a manual-brake system be 
duplicat(Hl as closc'ly as possi})le. It was not possible to use a 
inanual-l)rak(‘ system, b(a;aus(‘ with an airplane of this weight the 
work r(‘(iuir(‘(l to ()})(‘rai(' th(' brake's made the force on the }:>edals 
})r()hibitiv(‘ly higli witli direct operation. 
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From the discussion of control systems, it is clear that there are 
three possible systems. The first of these is ''load feel,” the second 
is "position,” and the third is a combination of the two. The 
problem of providing power brakes on the DC~3 was first ap- 
proached by designing a system using both position and load feel. 
Figure 81 shows the design of a brake control unit providing both 
position and load feel. This unit operates as follows: When the 
pedal is depressed, the valve piston is pushed in, connecting the 
pressure line to the chamber behind the master cylinder and forcing 
it to the left; fluid is thus forced out the brake line, and the brake 
is applied. The pilot feels a load on the pedal equal to the brake 


Mcfsier 



'Brake Line P/ekon F^o/af^ 

Fia. 81 . — Brake-control unit incorporating position and lotKl .fccl. 


pressure times the area of the load-feel piston. The pedal position 
corresponds exactly to the position of the master-cylinder piston, 
except for valve travel which is negligible, and thus a manual- 
brake system is duplicated. 

Because of the weight and cost of this system, it was decided 
to investigate the possibilities of using a simpler system that, 
though it would not duplicate manual operation cpiite so closely, 
still might be entirely satisfactory. Tlie use of position control, 
in which a spring provided the pedal load, rcKpiired a control unit 
that wavS the same as the control unit for the position and load- 
feel system of Fig. 81, except that the load f(‘el was omitted. 

Because this unit is obviously almost as complicated as the unit 
required by the position and load-feel system, a systenn using only 
load feel was tried next. This involved the us(^ of only the valve 
portion of the control unit shown in Fig. 81. In ord(‘r to get a 
movement of the pedals, it was necessary to inc(jrporat(‘ a spring 
into the system to give a deflection of th(‘ pedals. The load, how- 
ever, must be that produced by pressure ratlu^r than l)y a spring 
load. This system, the control unit for which is shown in its final 
form in Fig. 82, is the system which was finally clioscai for use on 
the DC-3, for it seemed to possess many advantages ()V(‘r t h(‘ other 
systems. Besides being simpler and lighten' than (‘ith(*r of the 
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other systems, it has an advantage over the position system in that 
it provides an indication of failure, for when the pressure in the 
brake lines drops, the load on the toe pedal drops correspondingly. 
It provides for simpler parking-brake arrangements, for all that is 
necessary in parking the airplane is to lock the toe pedals. After 
this the unit acts as a pressure-regulating device and keeps the 
pressure in the brake line constant regardless of expansion or con- 
traction of the fluid in the lines, whereas, with the position type of 



Fig. 82. — Brake-control valve incorporating load feel. 


control unit, it is necessary to provide a spring-loaded expansion 
chamber somewhere in the system, for the fluid cannot get back 
through the valve but can only move the control unit. 

The unit shown in Fig. 82 operates as follows : When the pedal is 
depressed to the half-pressure position, the piston moves up, carry- 
ing the valve with it and opening the pressure port. Fluid flows in 
through the pressure port and out to the brakes until the brake 
pressure rises to just above half pressure, when the piston moves 
down, compressing the spring slightly and shutting off the pressure 
port. Th(^ load on tlie pedal is now half the maximum pedal load, 
and tlu‘ pr(‘ssure is lialf the maximum brake pressure. When the 
brakes arc^ to be released to the quarter brake position, the action Is 
as follows: 

1. The pedal is released to the new position. 

2. This momentarily decreases the spring load. 

3. The piston then moves down under the influence of the now 
unbalanced brake pressure, causing the return port in the piston 
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to open and allowing fluid to run out and brake pressure to drop 
until it reaches a value just below the spring load, when the spring 
extends slightly and closes the return port. The valve is now in 
equilibrium in the quarter-brake position. 

Proportionality is ensured by the fact that the load felt on the 
pedal is due solely to the pressure on the top of the piston, which 
is, of course, the brake pressure. It should be noted that the 
spring does not affect the load on the toe pedal, only the movement 
of the toe pedal. If the spring is omitted, the toe-pedal travel is 
too short to feel natural and the kickback when the brake x^ressure 
comes up is noticeable. 

Another example of a special-purpose unit is a surface-control 
booster. This unit was used for the first time on a recent experi- 
mental airplane. The requirement in this case w^as that a perfectly 
smooth load feel be provided and that i^osition indication also be 
provided. In the original conception a requirement was also 
included that the unit be used as a control-surface lock by remov- 
ing the load feel, i.e., by making the unit an irreversible control 
and locking the unit positively in any position without allowing 
creeping from the locked position. 

The requirement that load feel be perfectly smooth conflicted 
with the requirement that there bc^ no leakage through the valve, 
in that slide valves, which give smooth oi)C‘ration, allow creefjing, 
whereas jDoppet valves, which will seal i)erfectly, oj^erate jerkily, 
for a high load is reciuired to o])en them, which is r(^duced to zero 
as soon as the valve opens. Th(^ d(‘sign rcMjuiixancaits w(^rc‘ chang(‘d 
in the process of design to rc^nove thc‘ irrev(‘rsibl(‘-cont rol f( 3 atm’e 
and substitute a method of control-surfac(‘ locking that consisted 
merely of providing shutoff valv(‘s in th(‘ liiuss b(‘t,w(‘(‘n th(3 cylinder 
and the valve so that the oil in th(3 cylind(‘r would be f)osi lively 
locked there. 

There is only one type of control syst(‘m that will satisfy th(‘se 
requirements. That is the tyi)e which inc()r})<)r-at (‘s both position 
and load f(‘(i. Th(‘r(‘ arc‘- still, how(‘ver, s{‘\’(‘ral p<)ssi})l(‘ ap- 

proaches to th(‘ pr(d)l(‘m. First, hy(lrauli(; load le(i could lx* pro- 
vided through th(^ nuxJium of an op(‘rating (tylindca- conn(‘(d(‘d by 
lines to the main cylinder. This has tin* disa(l\’antag<‘ of Ix'ing 
very inflexible in design, for tlu^ cylinder ar(‘a must b(‘ vari(‘d to 
change the load f(xi. This system also has th(‘ disadvantage* that 
if air gets into the cylinder or interconiu'cting liiu's a loos(‘ coupling 
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is introduced in the system, which will cause the system to ''motor,’’ 
i.e., to hunt, at a frequency and amplitude depending on the 
degree of such coupling. 

Mechanical load feel has the advantage that the degree of load 
feel can be readily changed by changing leverage ratios in the 
system. Also, its rigidity is not likely to vary, for it depends upon 
deflection of metal parts ^ therefore, after sufficient damping has 
been incorporated in the system to eliminate motoring, there is 



little danger of motoring subsequently appearing owing to changes 
in coupling. 

The position follow-up could also be either hydraulic or me- 
chanical. However, in this case, only mechanical follow-up was con- 
sidered for there was also the requirement that the pilot must be 
able to fly the airplane, although with very high control forces, 
after failure of the hydraulic -booster system. A mechanical fol- 
low-up system has the further advantage that it can never get out 
o f sy n c h r on i z at io n . 

The final dc^sign including the mechanical load feel is shown in 
Fig. 83. The operation of this system is as follows: When the pilot 
pulls the control column back, the cable arm, which is pivoted on 
the same axis as th(^ movable surface, rotates to the left, pushing 
the vaJ\'e piston and directing oil into the left end of the booster 
cylinder-, thus forcing the cylinder to the left and moving the 
surface^ u]). This action continues until the valve bod^^ which is 
mount(‘d on cylinder, catches up with the valve piston and 
stmts off the flow of fluid. Thus the movable sui-face always fol- 
lows the movfanent of the cabh' arm. Part of the load on the sur- 
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face, which equals the load in the cylinder, will be fed back to the 
cable arm where it can be felt by the pilot. The percentage of load 
that will be felt by the pilot is directly proportional to the leverage 
ratio of the lever connected to the cylinder end. 

By following the principles by which these two problems were 
solved, a unit for any special purpose can be designed by any 
engineer familiar with the principles of aircraft hydraulics. 



CHAPTER IX 


HYDRAULIC-UNIT DESIGN PROCEDURE 

The ultimate object of the unit design procedure covered in pre- 
vious chapters is to produce a layout from which production, or 
shop, drawings can be made. 

The procedure for making the design layout is usually divided 
into the following two major steps: (1) the sketch; (2) the layout. 
In designing any hydraulic unit, certain factors that govern 
design must be given before the sketch or layout can be started. 
These factors include (1) any special requirements; (2) some 
indication of the size of the unit, such as bore and stroke or size of 
passages; (3) pressures, both operating and design. In addition, 
the designer must know something of the surrounding structure. 

Starting from these given factors and with a knowledge of similar 
designs or at least of designs incorporating some similar features, 
the designer can make a sketch, approximately to scale, of the 
unit. The areas, if a strut, or the passage sizes, if a valve, will 
have been previously arrived at. The diameter of a strut piston 
rod is usually made a minimum of one-fiftieth the extended 
length, to make the strut sufficiently stiff to prevent whipping. 
The sketch can readily be revised as the design proceeds, to make 
the component parts of the unit more easily machinable, easier 
to assemble, etc., i.e., to refine the design until it is satisfactory. 

When the sketch is satisfactory and the general design has been 
approved by the designer’s supervisors, then the layout, which is a 
mechanical drawing accurately to scale, can be started. A rough 
idea of tlu^ r(Hiuired strength and sizes of the parts can be and 
should be obtained on the sketch. The member sizes are finally 
ari‘iv(‘d at by running a stress analysis concurrently with the 
layout, 

Th(‘r(^ are two types of loading that must be investigated during 
th(^ d<‘sign of a liydraulic unit; external loads on the unit, and 
internal loads caused l)y i)r(‘ssures within the unit. External loads 
includi^ such loads as loads on operating cylinders from landing 
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loads, wiiig-flap loads, and Iiandk* loads on valv(‘s. Internal pres- 
sure generally detcu-niim.^s thc^ bursting str(‘ngth of v'essels subjected 
to internal pressure. 

Perhaps tiici |)i-()cedur(^ of d(‘sign for hydraulic units can best be 
explained by reviewing a typical exampk*. In designing a landing- 
gear retracting strut for a typical biinotored airplane, the layout 



Fig. S4.— I^ayout — rot.iwtiiiK st rut. 


for which would appt^ar somewhat as shown in Fig. 84, tin* first 
step in making a sketch would bt* roughly to outliru^ the* surround- 
ing structure, which, in tliis casti consists of th(‘ naetOk*, with a 
strut-attaching fitting in its upper forward eorii(‘r, and t h(‘ landing- 
gear upper truss, to which th(‘ strut piston rod is attach(*d. Th(‘ 
strut would then 1)(‘ sketched in its propeu* plac*(‘ in th(‘ st rintt iir(‘, 
by following in g(‘n(n*al the (k‘sign shown in the tyt)ieal strut in 
Fig. 73 (imge 106). 

Hoses for conveying the fluid to and from the* hing(‘d shnit 
should also ])o shown on tlu^ skc^tch. After th(‘ sk(‘tch has h(‘(m 
approved, the layout is started and proc(‘(‘ds along th(‘ saiin^ lines; 
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i.6., th.6 sun oun cling stiuctur© is laid out and the retracting strut 
is then laid out on the structure drawing, the design shown in the 
sketch being followed. 

The loads, both internal and external, are applied and the wall 
thicknesses of the parts determined. In this case, with an operat- 
ing load of 2100 lb. tension, and a design tension load of 10,000 
lb., for example, then the operating pressure will be 2100 divided 
by 3.6 sq. in. area (below the piston), which is 600 Ib./sq. in., and 
the design pressure will be 10,000 lb. divided by 3.6 sq. in., or 2700 
Ib./sq. in. pressure. If the design compression load is 5000 lb., the 
corresponding pressure will be 5000 divided by 5 sq. in. area (above 
the piston), or 1000 Ib./sq. in. Because the operating pressure 
even when multiplied by a factor of 2.5 is still below the design 
pressure of 2700 Ib./sq. in., this design pressure will govern. 

The following members must be investigated for the design 
tension load: the threaded joint where the end fitting screws into 
the piston rod; the threaded joint where the piston head screws 
onto the piston rod; and the threaded joints where the end caps 
screw onto the cylinder. 

The following members -must be investigated for the internal 
pressure caused by the design tension load: lower cylinder end, 
which is a flat head subjected to pressure and which can be ana- 
lyzed from the chart. Fig. 69; also piston heads in some cases, 
though not in this particular example. The maximum internal 
pressure^ will also determine the wall thickness of the cylinder and 
may in soiru^ casc\s, if the piston rod is large in diameter and thin- 
walled, d(‘t(*rmin(‘ its wall thickness also. 

In the case of tlu^ outer cylinder, the stress is calculated by the 
formula S = PDJ2t. In the case of the piston rod, the stress is 
determiiK'd for (‘xterrial pressure from the chart, Fig. 85. 

Th(i c(>in})r(‘ssion load on the strut will determine the column 
strengt h of the piston rod. If the piston rod is taken as a column 
having thc‘ saiiu^ length as th(‘ extended length of the strut betAveen 
pin c(‘nt(‘rs and having the section of the piston rod, an overcon- 
s(‘rvativ(‘ (l(‘sign nssults, for th(‘ strut is actually stiffened hy the 
addition of t h(‘ large- cylinder- over approximately half the length 
of the column. This can be taken cai-e of with good accuracy by 
assuming a coefficient of fixity of 2 when analyzing the piston rod 
as a column, tli<‘ piston-rod section being used for the full length 
of th(‘ (‘xtrmdcHi strut. 
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The end bearings will in this case be determined by tension, for 
that produces the maximum load. If the maximum tension load 
occurred with the strut fully extended instead of fully compressed 
or at part travel, it would, of course, produce no internal pressure 
in the strut and only the threaded joints would be designed by it. 

Most aircraft companies have worked up from past experience 
certain sets of rules that must be followed in the design of hydraulic 
units. The rules that are followed by a typical aircraft company 
are in the form of a checking list for checking over layouts and are 
found in the company's Hydraulic Design Manual. These prac- 
tices will be taken up in a subsequent chapter on Drafting on Air- 
craft Hydraulic Systems. 

The stress analysis of aircraft hydraulic systems will not be dis- 
cussed in great detail, for it can be worked out from the general 
principles given in a number of textbooks on general aircraft 
structure design and analysis, such as “Aircraft Structures," by 
Niles and Newell. Following the above procedure and design 
practices developed by experience should result in a satisfactory 
design for any hydraulic unit. 



PART IV 


DRAFTING, MANUFACTURE, INSTALLATION, 
TESTING, AND MAINTENANCE 




CHAPTER X 


DRAFTING OF AIRCRAFT HYDRAULIC SYSTEMS 

Drafting of aircraft hydraulic systems starts with the design 
sketch, which was described in sujSicient detail in the previous 
chapter. The next drawing is the layout, on which the design of 
the part is worked out. 

Following the layout, detail or production drawings are made. 
These drawings are divided into three classes, as follows: detail 
drawings, which are drawings showing a single part; assembly 
drawings, which are drawings showing an assembly of several 
parts, but not usually including manufacturing details of each 
part; and installation drawings, showing the attachment of the 
parts or assemblies to the rest of the airplane. 

Layout drawings are made from the sketch showing the design. 
They should also show the surrounding structure in the airplane, 
for they act as master drawings from which detail, assembly, and 
installation drawings will later be made. 

The following points from the layout check list of a typical 
aircraft company give an outline of the drafting practices that 
should be followed in making layout drawings. This list covers 
only drafting practices that are more or less standard throughout 
the industry and does not include practices which have been dis- 
cussed in general in the previous chapters or those which vary 
throughout the industry. 

1. Clearances above, below, and on all sides of the part being laid out 
must be shown and noted, or reference made to the layout on which they 
appear, in such a way that the clearances can be readily checked. Maxi- 
mum possible clearance should be provided to allow for future increase 
in size, additional lines, etc. 

2. Both extreme positions and any critical intermediate positions of 
moving parts must be shown, and maximum possible clearance provided. 

3. Fittings, hoses, and plumbing must be shown. 

4. Locating dinumsions, including vertical, side, and fore and aft 
dimensions from airplane reference lines, should be given. 
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5. All reference layouts and drawings must be listed by number and 
title. 

6. Operating loads must be given on layout, including pressures, 
velocities, working or actual loads, allowable loads, available loads, maxi- 
mum loads, and design loads for all mechanisms. Allowance should be 
made for friction, pressure drop in lines, etc. Note should be made of 
how the load was obtained to enable it to be checked. 

7. Test data or reference to test reports or references to similar parts 
should be given for all designs of mechanisms, when available. Tests 
should be made on unconventional designs if none of the above is available. 

8. All conditions of operation must be shown by schematic diagrams 
when necessary. 

9. Materials and sizes should be noted unless obvious. 

10. Heat-treatments, finishes, etc., should be noted unless conforming 
to general practice. 

11. All necessary test and adjustment notes must be given on the lay- 
out, exactly as they should appear on the assembly drawing. 

12. Strength calculations necessary for design of parts (including bear- 
ing pressures and approximate design loads) should be made directly on 
layouts. 

13. Torque for preload should be given on the layout for the following: 

Sweat-soldered joints. 

Cup-seal joint. 

Any special joint requiring preload. 

14. Clearances, overlaps, etc., must be ample to allow the use of reason- 
able tolerances on the detail drawings. A clearance of 0.020 for each 
detail dimension affecting the clearance will allow drO.OlO on half of the 
dimensions and ± 1^2 on the remainder. 

The last item on the list deserves more explanation. When 
detail drawings are made from a layout drawing, the detail draw- 
ing is “tolerance-checked’' (as will be described more fully later 
on) to ensure that, even though all the tolerances act to reduce a 
clearance, overlap, etc., to the minimum, the parts will still go 
together. If small clearances are shown on layout drawings, then 
the tolerances of the detail parts, whose dimcmsions whom add(‘d 
together determine those clearances, must b(‘ held to such closer 
limits that the machining cost of the parts is increased. 

Detail, or production, drawings are mad(‘ from the layout 
drawing by making a s(‘paratc^ drawing of each part and finally of 
the assembly, so that tlu^ parts can Ix^ made' on various rnachin(‘s 
or in various parts of the shop without reffu-ence to otheu* parts of 
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tlic 83 / 1 X 16 S/SSBrxibly. TIicsg cirOf wings Sir© m3)d.6 in 3jCcorci3/nc6 with, 
drafting practices that are standard in all engineering depart- 
ments. The detail drafting practices that are followed by a typical 
aircraft company in making production drawings for hydraulic 
parts are given in the detail check list from the company’s Hy- 
draulic Design Manual. 

The more important of these points follow: 

1. Detail drawings must agree exactly with the layout, which should 
be complete and in accordance with the layout check list. If it is neces- 
sary to change the layout, such change must be* approved by the layout 
draftsman and checked against the layout check list. If time is not avail- 
able actually to make the change, such change should be noted on the 
layout. 

2. Layout numbers must be listed on all drawings. 

3. Stock size listed should be one readily obtainable. 

4. Material must have sufficient finish allowance for machining with 
raw stock tolerances at their extreme limits (tubing especially) . 

5. Notes should be on the drawing in the sequence in which the opera- 
tions will be performed in the shop. 

6. Concentricity notes and tolerances must be used on all diameters 
which must be concentric. 

7. Groups of drilled holes must be dimensioned so that, with all toler- 
ances adverse, parts can be assembled. 

8. Special parts which resemble standard or purchased parts shall 
specify ^ ‘Stamp part number here” or “Spec.” if there is insufficient room 
for part nurnlx^r. 

9. Surfaces that must be “square” or “flat and square for bearing” 
rriu.st be so nr; tod. 

10. Wrench torque fcjr preload should be specified on the following 
joints: 

a. 8w(?at-soldered joints. 

b. Cup-seal joints. 

r. Any special joint requiring preload. 

11. Assembly drawings provide a convenient means for checking the 
<‘ff(‘ct of th(* accumulated tolerances of the detail parts. The method of 
ch(‘cking is as follows: 

a, S(*l(‘ct the points where a small variation in the parts might 
cause interference or malfunction, bearing in mind that, where 
a cl(‘aranc(‘, ov(‘r!ap, etc., is controlled by six or eight dimen- 
sions, th(‘ parts will vary usually from Me (all dimensions 
dbb.Olb; to ibo (all dimensions AzMvz)] and calculate the 
cl(‘arance. 
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6. Points likely to cause trouble are thin sections, overlaps, 
clearances, etc., of 34 or less, controlled by longitudinal 
dimensions. 

c. Calculations should be kept in such form that they can be 
readily checked over, preferably directly on a black-and- 
white print. 

In order to clear up more fully the procedure of tolerance check- 
ing, an example is given in Fig. 86. 


(This c/imension muei a/wcfys 
be a c/ecr^cf/^ce cfs ofherw/se 
bet// wi// be he /a/ off /fs seorh) 

Fio. 86. — Example of tolerance checking. 

Calculations for dimensions being checked are as follows: 


Pin end to shoulder . . 

-1.250 

±0.010 

Body shoulder to end 

-0.750 

±0.010 


-2.000 

±0.020 

Body end to end 

+3.093 

±f).010 


+ 1 . 093 

±0.030 

Body end to seat . . . . 

-1.000 

±0.010 


+ 0.09.3 

±0.040 

Seat to ball 

-0.043 

±0.002 

Clearance 

+0.050 

fc().042 

or 

from 0.008 to 0.092 



Note that dimensioning the body from .shoulder to seat directly would refluce 
d tolerances to 1 and would reduce accumulated tolcran<-es from zfc:0.042 to ±0.022 

Production drawings also make use of a large number of standard 
or coded parts, which makes it possible to design assernblicts includ- 
ing packing without having to design a separate pi(‘C(‘ of packing 
for each unit. Parts commonly coded are r(‘placeabl(‘ ptirts such 
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as packings and bearings and parts that can be coded for size, such 
as the metal rings adjacent to packings, washers, and bolts. 

The question often comes up in making detail drawings of the 
specification of surface finish. Some aircraft companies have 
adopted the practice of making a sample showing the finish that 
is desired on all pieces of high-class hydraulic machinery and fur- 
nishing all their subcontractors, as well as their own machining 
and inspection departments, with these samples. 

The methods in most common use for actually measuring the 
surface finish are the various profilometers such as the Abbott 
(Physicists Research) and the Brush, which give the surface finish 
in terms of the root-mean-square (r.m.s.) average height of the 
irregularities of the surface in millionths of an inch, or microinches. 
For a good ground surface, this finish is between 6 and 10 micro- 
inches r.m.s. The National Aircraft Standards Committee recom- 
mends that finishes be specified from the following list: 2, 5, 10, 20, 
50, 100, 500. 

By following the principles outlined in this chapter and checking 
the finished drawing against the lists that have been given, it 
should be possible for an experienced draftsman to make satis- 
factory production drawings of aircraft hydraulic parts. 



CHAPTER XI 


MANUFACTURE OF AIRCRAFT HYDRAULIC UNITS 

The manufacture of aircraft hydraulic units can be divided into 
four stages, planning, manufacturing, assembling, and testing. 
This chapter will cover the first three. Testing will be covered in 
a subsequent chapter. 

Planning includes in general all the preparatory work that is 
necessary before actual manufacture of the parts is started. This 
includes scheduling, material ordering, and tooling. 

The principal purpose of scheduling is to ensure that machines 
and man power are available to make the parts and assemble them 
in time to meet the required delivery date. This is also called the 
determination of “shop loading.’’ 

Material ordering must be done as early as possible in the plan- 
ning of the job, because aircraft materials ai‘e becoming more and 
more difficult to obtain. Some of the more common materials can 
be obtained from supply houses’ material stocks; but if large quan- 
tities or unusual materials are required, they must Ixi ol;)tained 
from the mill. Also, of course, forgings, castings, and other sjxjcial 
parts must be obtained from the forging or casting plant. 

As an example of the length of time recpiircd to obtain material, 
in normal times it takers approximately 10 t.o 12 w(i(ks to obtain 
aluminum alloy in either bar or castings, both of which aiv us(h 1 in 
aircraft hydraulic units. Alloy steels, such as chronu^ molybdenum, 
take 14 to 16 weeks to ged, from the time the ordca- is plac(‘d. 
Forgings in aluminum alloy take 12 to 16 w(H‘ks t-o obtain if ti ru^w 
die must be made and a few we('ks l(‘ss if a ixnv di(‘ is not nvjuin^d. 
Steel forgings take 14 to 18 w(H^ks wlum n(‘W di(‘s an^ r(^(luir(Ml. If 
the dies are very complicat(‘d or if d(W(‘lopm(^nt work may ])(‘ 
required, these times may be increascnl as much as 50 p(‘r c(‘nt. 
Tube fittings, which are very ofhm ass(nnl>l(‘d into aircraft hy- 
draulic units, requires approximately 12 w(‘(‘ks for d(‘liv(‘ry aft(‘r 
placement of order, even for standard fittings. Und(u* wartime^ 
conditions, these times may be consid(‘rably ext (‘nd(‘d. 
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The tooling required on aircraft hydraulic parts consists in 
general of the necessary fixtures to adapt standard machines, such 
as turret lathes, milling machines, etc., to the manufacture of the 


part to be made. Much larger quanti- 
ties than are common in aircraft work 
are required before the same type of 
tooling can be made that is customary 
in automotive factories, where special 
machines are made to handle each opera- 
tion in the manufacture of a part. As 
a rough guide, it may be considered 
that 10 complicated or 100 simple parts 
are required before any tooling is re- 
quired, 1000 pieces justify fairly com- 
plete tooling (as aircraft tooling goes), 
and quantities on the order of 100,000 
may be required before special machines 



Pig. 87. — Typical cylinder 
head. 


can be justified. 


As an example of typical manufacturing operations, a few- 


typical parts will be considered. Take first the cylinder head shown 
in Fig. 87. This might be made from a casting, either sand or 


permanent mold, a forging, or bar stock. Its machining would be 
dependent upon the machines available at the company that was 
doing the work. A typical routing for such a part would be as 
follows: (1) bore inside, face end on turret lathe; (2) mill lugs on 
milling machine; (3) drill bolthole and pipe connection on drill 


press; (4) mill threads on thread mill. 

Cylinder barrels, a typical example of which is shown in Fig. 88, 
arc usually made from steel tubing. Typical routing for such 



parts is as follows: (1) bore inside 
diameter, turn outside diameter 
on lathe; (2) thread ends on 
thread mill or thread grinder; 
(3) finish inside diameter on verti- 
cal hone. 

Piston rods, a typical example 
of which is shown in Fig. 89, are 


alnu)st invariably made from steel tubing. These parte may be 
handled by of two routings, as follows: (1) the grind, plate, 
buff routing; 12) the grind, plate, grind routing. For both these 
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the part is first centerless-ground, then threaded on either the 
thread grinder or the thread mill. For the grind, plate, buff rout- 
ing, the part is then chrome-plated with a thin plating of one to 
thousandths thick per side, which is calculated just to bring 
the diameter of the part to the desired finished diameter, then 
buffed to smooth the surface. With the grind, plate, grind routing, 
after grinding and threading the part is plated with a heavy coat 
of chrome plate approximatel^y 5 thousandths thick per side. The 
part is then reground, usually on a centerless grinder, to the 
desired finished diameter. 

The disadvantage of the grind, plate, grind system is that, be- 
cause a centerless grinder grinds the finish diameter concentric 



Fig. 89. — Typical piston rod. 


with the outside, if the plating has been put on unevenly, after the 
finish grinding it may be much thinner on one side than the other. 
It also has the disadvantage that it is more expensive to apply this 
heavier coat of chrome plating, provided that both coats of plating 
are applied slowly, as they should be for maximum hardness. 

It has the advantage, however, that the first grind job need 
not be so smooth as in the grind, plate, buff system because a new 
surface is put on by the final grinding, whereas, in the grind, plate, 
buff system, the initial grinding determines to a large extent the 
final surface finish. 

Valve bodies, a typical example of which is shown in Fig. 90, 
can be made from bars or, for large parts, from castings or forgings. 
The usual routing for such parts is as follows: (1) Drill, bore, and 
tap on turret lathe. Hcn-e, reasonably good tooling is nifiuired, 
for there is usually a multiple series of holes, wliich must be ma- 
chined. (2) Drill int(‘rnal |)assages on the drill press. (3) Grind 
integral seats, if any. 

Internal parts of valves and most oth(‘r h 3 alraulic units ar(‘ 
generally made from bar stock on serc^w macliiiK^s. Whmx* larg(‘ 
(giantities aix? recpiir(‘d, th(\v an^ often mad(^ on autonmt.ie scr(‘w 
machines, where the bar is fed in one (^nd of the machim^ and the 
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finished part comes out the other end, without any attention on 
the part of the operator. 

The features of design that contribute to easy manufacture can 
best be understood by understanding the machines available to 
make the parts and the operations performed on them. As a 
general rule, it is more desirable to remove ample material, rather 
than take the chance of a rejected part because of insufficient 
cleanup in machining. It is often desirable to make parts from 
bar stock rather than castings even though two or three times as 
much material must be removed, because of the spoilage occasioned 




Fig. 90. — Typical valve body. 

by leaky castings. On parts that are to be made on screw ma- 
chines, on turret lathes, or in fact on most machines, it is desirable 
so to design the part that all the machining can be done from one 
(‘iid so that the part will be finished when it is cut off from the 
parent l)ar stock, to eliminate the necessity for turning the part 
around and chucking each part individually and concentrically in 
ordcu- to i)erform machining operations on the opposite end. 

Assembly of hydraulic parts is simply a question of getting 
good mechanics who can work carefully on the relatively fragile 
part,s in an air-craft hydraulic system — relatively fragile, that is, 
wh(‘n compart'd with the parts of an automobile or a locomotive. 

Most aii*ci*aft-pai-ts manufacturing establishments seem to have 
com(‘ to th(‘ conclusion tliat it is economical to spend time on a 
v(‘i\v accur-at(‘ job of manufacturing in order to save time and 
i-(‘jt‘ct ions on ass(‘iTi})ly. An example of this is the grinding of valve 
s(‘at.s, which a number of companies have found desirable to reduce 
t.h(‘ t im(‘ n(‘C(*ssary to get a satisfactory seat. On a cone or ball pop- 
l^et valv(\ b(hh Uu) diameter and the face of the seats are ground to 
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ensure a round hole and a sharp edge on which the valve can be 
seated very rapidl^^ 

Good mechanics are required for installing pipe threads, tight- 
ening gaskets, and performing similar operations where over- 
tightening could cause excessive deflection with resultant binding 
and malfunction. 

There are a few semimanufacturing operations that are normally 
performed by the assemblyman. These include, chiefly, staking, 
soldering, and lapping. 

Staking is a locking operation that is performed by deforming 
one metal part into another to keep threads from loosening. It 
is customary practice in aircraft to stake the soft metal so that 
when the hard metal part is unscrewed the soft metal is formed 
back into its original shape. If a hard metal part is staked, it cuts, 
or deforms the soft metal parts when the parts are unscrewed, 
often making it impossible to reassemble them. 

When parts that must be fluid-tight are to be soldered together, 
it is important that they be preloaded, while the solder is in a 
molten state, of course. This is necessary to avoid deflections, 
which may otherwise occur and which may crack the solder and 
cause leakage. If a part is preloaded sufficiently so that it will not 
deflect when operating loads are applied, then obviously the solder 
will not crack and the part will remain pressure-tight. 

Where a metal-to-metal seal is necessary, parts must be lapped 
together. As an example, ball and cone valves are lapped onto 
their seats by the same technique that is used to la]) \'alves in gas 
engines. Thei*e is, however, no common ecpiivahmt of the slide 
valves that are oftcai used for controlling flow of fluid in aircraft 
hydraulic systc^ms. In these valves, a piston is fittc'd to a })ore with 
a clearance on the order of two or three 10 thousandths of an inch. 
This tolerance cannot be attained by conventional manufacturing 
methods, so that it is necessary to r(\sort to hand finishing or lap- 
ping to get these clearances. The proc(‘dur(‘ that ap])(‘ar‘s b(‘st for 
this pur|)ose is to make the hole und(‘rsiz(‘ and th(‘ j)istoii ov(‘rsiz(‘. 
The })iston is then la])j)(‘d down to ap])roximat(dy its d(‘sir(‘(l 
finislu^d size by reciprocating and rotating it at. th(‘ sanK‘ tiiiH' in a 
female lap of a softer metal than tlu‘ ])iston, which is coat(‘d insi(l(‘ 
with an abrasive. Th(‘ hole is them lapped to giv(‘ two to tlin^c^ 10 
thousandths clearance with the piston. The male hq) for tin* hole 
is generally made of soften- metal than tlu^ ])art to lx* la})i)(‘d and is 
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charged with abrasive by rolling it between two very hard flat 
plates coated with free abrasive. This makes the lap into a tool 
that is practically an inserted tooth broach. Such tools will enlarge 
a hole at the rate of about one 10 thousandth of an inch in 40 
strokes. The combination of reciprocation and rotation ensures 
that the hole and the piston are straight and round. 

After assembly the part is ready to be tested. Because testing 
applies to both assembly and installation , it will be discussed in 
the chapter following that on installation. 



CHAPTER XII 


INSTALLATION OF AIRCRAFT HYDRAULIC SYSTEMS 

Installation consists of the installing of units, lines and fittings, 
flexible hose, etc., in the airplane. It will be considered in two 
parts, (1) design for installation and (2) the actual installation 
work. 

In making a good installation of an aircraft hydraulic unit such 
as a cylinder or valve, it is necessary to consider the surrounding 
structure carefully, not only to ensure that no interference exists, 
but to allow sufficient room for mechanics to work in installing the 
part, bolting it in, tightening fittings, etc. In addition, certain 
requirements are necessitated b}?' the fact that aircraft structure is 
not very rigid and sometimes not very exactly made. 

It is desirable, unless the airplane is to be extremely w'cll tooled, 
to put universal joints at the ends of operating cylinders so that 
misalignment at the end fittings will not cause ])inding in the 
hydraulic struts. 

In the installation of valves, it should be rernemlx'ix'd that a 
valve bracket that is amply strong to take tlu? normal handle load 
is not necessarily rigid enough to give a good installation in the 
airplane. To ensure rigidity, it is necessary (iitlan* to design for 
rigidity by tying in any free edges of slux^t medal and avoiding the 
loading of sheet metal in bending or to put on very high arbitrary 
loads to ensure the parts being so strong that ample' rigidity re- 
sults. The first of theses is to b(^ preh'rrc'd but rc'ciuircss a higlu'r 
degree of enginc'ering t ak'iit.. 

Installation drawings should sp(‘cify op(‘rations in th(‘ ord(‘r in 
which they will b(‘ pc'rfornu'd in tlui shop, and also should sp(‘cify 
preloads on important bolt('(l joints, particularly suc;h joints as (‘iid 
fittings on operating cylind(‘rs wlu're lock nuts nuyy looscai if not 
preload(Hl. 

In designing line' installations, it is common pra-cticc' to allow tlu' 
shop a certain amount of latitude' in th(' routing of the' line's, pre)- 
vided that tlu'y are approved by the e'ligine'e'ring de'partnu'nt. 
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Thus, such matters as bend radii and support spacing often become 
both shop and engineering functions. Lines should be supported 
at sufficiently frequent intervals so that they will not vibrate at a 
frequency that might be in resonance with the vibration frequency 
found in the part of the airplane in which they are installed, for 
otherwise early fatigue failure may occur. Support spacings 
should be in accordance with the spacings of Table II (page 111). 
These spacings are calculated to give a vibration frequency on the 
order of 100 cycles per second, so as to be above the major vibra- 
tion frequency of the engine, which occurs at two times crankshaft 
speed, and which in the case of a 2400 r.p.m. engine would be 
80 cycles pcT second. This is the highest frequency at which 
sufficient power is put into vibration to overcome the damping that 
results from the use of the usual Neoprene clamping blocks and 
the fact that the lines are filled with fluid, both of which tend to 
damp out the vibrations at the higher frequencies. 

Bends should be made close to supports rather than midway 
between supports, in order to reduce the overhanging length of 
line, which has a tendency to vibrate. They should preferably be 
all of the same radius in any one line or, still better, should be the 
same radius for any given diameter of line throughout the airplane. 
This is desirable in order to avoid changing bending blocks on 
])ending machines when the lines are manufactured. Lines that 
are to be bent by hand in the airplane, which includes usually only 
liruss of about 34 diameter and smaller, may be bent on various 
radii or with sweeping curves if desired. Machine bending should 
hv. done on a type of bending machine that includes a mandrel 
inside the tubing to prevent flattening. Bending machines that 
do not use a mandrel flatten the tubing considerably, in fact so 
much that the fatigue strength of the line is reduced to about one- 
half the fatigue strength of a round line. 

Tho inirumurn bend radius for tubing is usually taken as four 
tiin(‘s the outsid(‘ diameter for tubes of 34 diameter and smaller 
and thrc'c times thc‘ outside diameter for tubes of diameter 

and largcu*, ni(‘asur(;d from the radius center to the center line of 
tlH‘ tubing. 

Witli fittings of th(‘ AC811, AN, or “Parker” type it is necessary 
to flare tlui lines. This can ])e done by spinning or by impact. 
Impact flaring, in which a tool having the proper angle is driven 
into tli<‘ mid of the tube while the tubing is held in a properly 
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placed clam]) block, is to ])t‘ ])r(4’errc.d over spinning because it 
work-hardens tlu^ tube less and usually rcssults in a slightly thicker 
flare. 

In installing fittings, a designer can prevent leaks by making 
parts incorporating male pipe threads from steel or brass, so that 
they can be tinned with soft solder, a ductile gasket being thus 
formed around the threads, wdiich seals the fitting in spite of minor 
imperfections in thread form. Where the weight penalty of a steel 
fitting is prohibitive, the fitting can be made from dural and 
threaded with a female pipe thread, with a steel nipple tinned and 
screwed into it, the equivalent of a male thread fitting being thus 
formed. 

In order to avoid pipe threads, fittings have appeared in aircraf t 
hydraulic systems recently in which a hollow bolt is screwed into 
a fitting having an eye. This type of fitting can be located in any 
angular position. These fittings do away with the necessity for 
pipe threads, for one of the chief reasons for pipe threads is to 
enable the mechanic to locate an elbow fitting at the proper angle 
for installation. However, care must be used in tightening such 
fittings to ensure that gasket mating surfaces are flat and square 
and to avoid twisting off the hollow bolts. 

Another type of fitting that eliminates the use of ])ipe threads 
consists of one on which the pij)e thread has been re])laced by a 
straight thread having a short untlircaded portion that comes 
opposite the top of the boss when the fitting is instalk^d. The 
fitting is then made leakproof by screwing down a nut, ])r(‘viously 
installed on the fitting, to clamp a synthetic-rubbeu* gasked, on th(‘ 
unthreaded portion of th(‘ fitting, betwcHm the nut and th(‘ toj) of 
the boss. The unthrcaided portion is made the sanu^ dianud.xu' as 
the root of tlie thread to ixumit of sennving the gask(‘t nut on from 
the lower end of tlic^ fitting. This fitting is c^asi(‘r to install and 
cheaper to manufacture and offers less restriction to flow than tlu^ 
“eye” type })reviously described. 

When tul)e nuts aic^ tight(‘n(‘d on flar(‘d fittings, th(‘r(; is a 
tcndenc,y to thin the flare; in fact, it is neccsssary to thin th(‘ fiar(‘ 
slightly, for the flarcal ond of th(‘ tulx^ acts as a ga.sk(‘t Ixd w(‘(‘n t h(^ 
fitting and thc^ sleeve or nut, to scail k'.akagca Wrcaieh t(>r{pi(‘s as 
specified in tlu^ Park(‘r S(‘rvic(‘ Manual should not }>(‘ (‘xe('(‘d(‘d; 
otluawise, tlu‘ lulxi fian^ may }k‘ compl(‘tel 3 ' cut, off. I'his occurs 
at about, fi\x‘ tinu's th{‘ s])(‘cifi(‘(l wr<‘nch lorciu(‘ on a single tightcni- 
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ing and at two or three times the specified wrench torque for a 
small number of tightenings on 52SO tubing, which is the tubing 
most commonly used in aircraft hydraulic systems. 

Because hydraulic struts are usually hinged to the structure and 
moved while under load, the fluid must be conveyed to them 
through flexible tubing. The industry largely uses a design of 
flexible tubing constructed with a Neoprene inner tube, a double 
cotton braid, and a Neoprene outer tube, having a long male tube 
fitting on one end and a swivel nut on the other. 

Care should be taken in hose installations to avoid torsion in the 
hose because it reduces the life of the hose and may cause the end 
fittings to loosen. Excessively sharp bend radii will also cause 
premature hose failure. The minimum bend radius for a reason- 
able service life is about six times the outside diameter of the tube. 
For longest possible service life a minimum bend radius of at least 
nine times the outside diameter of the tube is required. Because 
hose is made from braided tube, it has a tendency to increase in 
diameter and shorten when pressure is applied. A properly made 
hose installation should allow for a shrinkage of at least 3.5 per cent 
of the length of the hose. 



CHAPTER XIII 


TESTING AIRCRAFT HYDRAULIC UNITS 

There are two types of testing performed on aircraft hydraulic 
systems, (1) production testing and (2) experimental testing. 
Experimental tests are determined individually for each unit or 
system to be tested and usually consist of a pressure leakage test, 
a pressure strength test, an operation tost, and a life test in which 
the unit is operated a sufficient number of cycles to ensure that it 
will have a satisfactory service life in the aii’plane. 

These tests are performed on the first part made to a new 
design to ensure that the design is satisfactory. Experimental 
tests are also performed on new units sent in for test by parts 
manufacturers unless the part has a record of satisfactory service 
under conditions similar to those in which it will operate in the 
application for which it is being considered. 

Production testing takes plac(^ all during the process of manu- 
facture, from rough casting to installation in the finislud airplane. 
The reason for the installation test, of course, is to ensure that thc^ 
airplane system will operate satisfactorily^ and will not leak. 
Because it is expensive to replace units after th(\v have becui in- 
stalled in the airplane, it is good practice to h^st i)ai‘ts during 
manufacture and assembly in ordcu* to dc'tect any faulty j^arts 1)(‘- 
fore they are installed on the airplaruu 

The decision whether to test at any [)articular stag(‘ in manu- 
facture depends on whether the cost saved ])y d(‘tecting leaks early 
is equal to the cost of l(‘sting all th(^ parts. A typical manufac- 
turer’s estimate is that if an average^ of 1 ])art out of 100 h^aks, that, 
is a sufficient p(‘rcentiig(‘ to justify testing (aich })art. This pin- 
centage is bas(d on tlu^ proposition that it. costs lOO tiimss as much 
to remove, repair, and r(‘plac(‘ one* l(‘a.ky valv(^ aft(‘r it has l)(‘(‘n 
installed in an airplane as it (lo(‘s to h(‘nch-t(‘st oih' valv(‘ during 
assembly. 

Because the objective of hasting during manufaclun^ is to 
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remove any possibility of leakage in the final installation, it is 
desirable that each test should be to a slightly lower pressure than 
the test which precedes it. Thus there will be no possibility that 
in later tests owing to a slight gauge error or lack of accuracy on 
the part of the tester the pressure will be higher than that of an 
earlier test and thus possibly show up leaks which did not show 
up in the earlier tests. 

Tests should be specified on the following drawings: hydraulic 
installations, hydraulic subinstallations where necessary ^ bench 
assemblies (panels, etc.), unit assemblies, castings (subjected to 
pressure), and hydraulic lines. 

When installed in the airplane, each portion of the hydraulic 
system should be tested to its critical relief pressure or 1.25 times 
the system operating pressure, and each preceding test should be 
to a higher pressure in accordance with the following table : 


Table III. — Test Pressures 


Drawing 

a. Hydraulic installation except re- 
turn lines 

h. Hydraulic-installation return lines 

c. Hydraulic subinstallations and 
bench assemblies except return 
lines 

d. Hydraulic-subinstallation and 
bench-assembly return lines 

0. Unit assemblies except return 
ports 

/. Unit-assembly return ports 

g. Castings except return ports 

h. Castings — rc*turn ports 

1. Hydraulic j)ressure lines (on lines 
drawings) 

j. Hydraulic return lines (on lines 
drawings) 


Test Pressure 
(Use Whichever Is Higher) 
Critical relief pressure or 1.25 X 
system operating pressure 
0.125 X system operating pressure * 
1.10 X critical relief pressure or 
1.35 X system operating pressure 


0.135 X system operating pressure * 
1.20 X critical relief pressure or 

1.50 X system operating pressure 
0.15 X system operating pressure 
1.35 X critical relief pressure or 
1.65 X system operating pressure 
0.165 X system operating pressure 
2.00 X critical relief pressure or 

2.50 X system operating pressure 
0.25 X system operating pressure 

be plugged to prevent bursting 


If leHervoir is included, note that its eunnecting lines must 


reservoir. 

C^un' should be tak(>n, where .several identical units are subjected 
to <iifi'er<.nl critical relief pressures, to use the higher critical 

value. 



144 


AIHCRAin^ If YDRA ULICH 


Where the part is not connected into a pressure system (as, for 
example, in the case of manually operated brakes), ‘‘system operat- 
ing pressure” is taken as the maximum pressure possible under 
any conditions except temperature expansion, and the “critical 
relief pressure” is taken as the maximum pressure possible under 
any conditions. System oj^erating pressure should be taken as 
two-thirds the “applied,” or “limit,” load when that figure is 
available, unless the above gives higher pressures. 

From the testing viewpoint, any hydraulic unit ma.y be con- 
sidered as an aggregation of gaskets, packing, dashpots, lapped fits, 
and other details that require testing. These tests should be cov- 
ered thoroughly by the test notes on the drawing, if they are not 
covered by the requirements of some applicable specification. 
Production test notes on drawings need not ])rovide for tests to 
check strength or design, for these are covered in experimental 
tests. To be complete, the notes should provide for tests of (1) 
each detail where leakage 'or malfunction is possible and (2) 
features affected by adjustment or installation procedure. The 
following details require test notes : 


Gaskets I^eakage at test pressure 

Packing Leakage at test pressure and at stat ic^ 

pressure, i.e., 5 to 7 Ib./scp in. 

Valve seats Leakage at operating pressure a,n(i at 

static pressure if it affects operation 

Lapped fits Leakage at operating i)ressurc 

Valve openings Plow at a pressure drop that must- b(; 

specified on the drawing 

Friction Cups and other packings 

Pressure Relief pressures 

Handle load Where dependent largely on friction 


Each of the preceding details can l)o teskd hy some com})ina,ti()n 
of port and position. Wherever possil)I(‘, this information should 
be given in tabular form. The following is an (t\timj>l(‘ of sonu* of 
the values that should be tabulat(‘d where applicahku 


Test Ports P<>siti()ii Pressure, Maxiinuni Mow 

port plugged ’ lb./s(i. in. lenkagc; Oninirnunij 
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A reasonable group of leakage tolerances is as follows: 

1. Maximum leakage ^—1 drop in 48 hr. External leakage in 
cockpit or cabin or other leakage that would normally come in 
contact with personnel. 

2. Maximum leakage ^ — 2 drops in 12 hr. Struts, etc., for 
external leakage. 

3. Maximum leakage ^ — 1 drop per hour. Struts, etc., for 
internal leakage. Valves, etc., internal where critical (as in 
accumulator circuit). 

4. Maximum leakage ^ — 10 drops per hour. Valves, etc., 
internal where not critical. 

Note: Where leakage tolerances are specified as so many drops 
in a given length of time, it is not absolutely necessary to observe 



Fig. 91. — Steps in testing poppet four-way valve. 


the leakage for that length of time. The tolerance may be inter- 
preted normally as meaning the rate of leakage allowed. In other 
words, one-half the given quantity in one-half the given time, one- 
fourth the given quantity in one-fourth the given time, etc. 

Figure 91 shows the three test steps necessary to pressure-test a 
poppet four-way valve, giving the details (filled in solid) that are 
tested under each of the three necessary test hookups. The test 
fluid is shown cross-sectioned. Note that a poppet four-way valve 
is (from the test point of view) simply an aggregation of cups and 
ball s(^ats that must be tested. 

It is good practice to test each unit twice and to operate once 
b(‘tw(‘(‘ti t(ists. The second test should be for a period of at least 
10 niiri., during which the unit should be inspected for leaks. If 
th(^ k;aks are around packings or gaskets, parts may be tightened 

^ Past packings and cups only. No leakage is allowed past gaskets, etc., or 
from porosity. 
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up to stop the leaks. If the leakage is through porosity in castings, 
it is necessary to disassemble the unit and treat it with sodium 
silicate under pressure. Any packing sealing external leakage must 
also be tested at a low pressure, approximately 5 Ib./sq. in., for 
packings will sometimes leak at this pressure that will not leak at 
high pressure. 

After testing is completed, the unit should be drained, enough 
fluid being left in it to prevent any possibility of corrosion. It 
should then be plugged, preferably with metal or plastic plugs, to 
keep dirt out of the unit until it is ready for installation in the air- 
plane. 

Because all individual parts, including units, lines, flexible hose, 
etc., are tested individually, the installation test on the airplane 
is for the purpose only of checking for leaks at tube fittings and 
other joints that are assembled on installation. For this test, it is 
desirable to hold the entire system under high pressure a sufficiently 
long time so as to allow it to be inspected for leakage at joints. 
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MAINTENANCE OF AIRCRAFT HYDRAULIC SYSTEMS 

Maintenance of aircraft hydraulic systems is carried out by 
most airlines and by the Army and Navy by the “periodic over- 
haub’ system. Certain periods of time, measured in hours of 
flying time of the airplane, are set up at which various hydraulic 
units are removed from the airplane, disassembled, completely 
inspected, and assembled ready for reinstallation. When one unit 
is removed, a new unit from stock is put in the airplane ; and, after 
overhaul, the overhauled unit is replaced in stock. When this 
system is used, provided that proper overhaul periods are estab- 
lished, failures in operation are extremely rare. 

Engine pumps and similar continuously operating units are 
usually replaced when the engines of the airplane are changed, 
which occurs on most airlines at approximately 600 hr. of flying 
time. Flexible hoses in the engine section, which deteriorate 
rapidly in the presence of heat and oil, are usually replaced at each 
engine change. Operating cylinders and their attaching hoses are 
replaced at periods varying from 1500 to 4500 hr. 

As an example of typical overhaul periods, retracting struts on 
the Douglas DC-3 are changed by most airlines at 1500 hr.; flap 
struts, which are better protected and are not subjected to such 
severe service, are changed at 3500-hr. periods. Directional con- 
trol valves, selector valves, relief valves, accumulators, and simi- 
lar units are usually changed at periods of 4000 to 4500 hr. Lines 
and fittings and structural parts of the hydraulic system are 
normally changed only at time of overhaul of the complete air- 
plane, which for the Douglas DC-3 has been set at 8000 hr. flying 
tim(‘. Of course, all component parts of the airplane are inspected 
at r(‘gular intervals. Usually the most frequent inspection interval 
is about 20 hr,, when hydraulic units are only looked at to be sure 
that no (‘xternally visible failure has occurred. At 50-hr. intervals, 
parts ar(‘ lookcai at a little more thoroughly. At about 100-hr. 
int(a’vals, the parts arc inspected as closely as they can be in- 
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spected without removal from the airplane. Periodic inspection 
and periodic overhaul procedure have almost entirely eliminated 
hydraulic failure in airline airplanes. 

When units are removed for overhaul, they are disassembled, 
carefully cleaned, and inspected. Metal parts showing evidence of 
wear are measured to ensure that the wear does not exceed allow- 
able limits specified by the manufacturer of the part. If the wear 
exceeds these limits, the part is either replaced or repaired by 
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Fig. 92. — Maintenance drawing of cowl-flap operating cylinder. 


chrome plating, metalizing, or some similar process for adding 
metal. Figures 92 to 94 .show typical hydraulic-system mainte- 
nance drawings giving allowable wear limits. Figure 92 shows a 
typical operating cylinder, in this case the cowl-flap operating 
cylinder on the Douglas DC-3. This drawing shows manufactur- 
ing dimensions, gives clearances that may not be exceeded, and 
suggests one method of rework. 

As an example, take the portion of tiie piston head between the 
piston packings. Manufacturing dimensions for the cylinder are 
1.503 to 1.506. The manufacturing dimensions for the piston are 
1.495 to 1.498; the maximum clearance is thendore the diffcu’ence 
between 1.495 and 1.506, or 11 thousandths of an inch, w'herc'as 
the minimum clearance is 5 thousandths of an inch. Th(^ main- 
tenance drawing specifies that the clearance })etwTen th(^ piston 
head and the cylinder should not exceed 15 thousandths, thus 
allowing 4 thousandths wear if the part was manufactured to the 
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widest clearance or 10 thousandths wear if the part was manu- 
factured to the closest clearance. The manufacturing drawing 
also specifies that the piston may be plated or the cylinder may 
be replaced to bring the clearance back to within the manufactur- 
ing tolerance of 5 to 11 thousandths clearance. Similar instruc- 
tions are given covering the clearances behind the rod packing. 

Figure 93 shows the hydraulic hand pump for the Douglas DC-3 
and gives manufacturing dimensions, clearances, and methods of 
rework for parts adjacent to the rod and the piston head packing 
cups. Figure 94, which shows the power-brake valve for the DC-3 
airplane, gives manufacturing dimensions, clearances, and method 
of rework for the parts adjacent to the packings on the head and 
stem of the piston. In addition, other notes are given, such as that 
the end of the pin which lifts the pressure ball must be square. 
If allowed to wear off unevenly in service, these parts might 
cause irregular operation. 

When the unit is reassembled after any worn metal parts have 
been replaced, all nonmetallic packings and gaskets are replaced 
and the unit is adjusted and tested in accordance with the pro- 
cedure followed with a new unit. The unit is then stored ready to 
be installed in the next airplane coming in to have that particular 
unit overhauled. 

In this volume, there have been discussed the theory of aircraft- 
hydraulic-system design, the laws of fluid flow, the design of air- 
craft hydraulic systems and of aircraft hydraulic units, and thc^ 
drafting, manufacturing, installation, testing, and maintcuiance of 
hydraulic systems. Anyone desiring to pursue the study of air- 
craft hydraulic systems further can at pres(‘nt. do so best, by actual 
experience with such systems. 
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A 

Absolute viscosity, 13 
Accumulator, addition of, to power 
system, 49 

criteria for capacity of, 83, 84 
necessity for, 44 
Accumulator charging, 49 
Accumulator-charging valve, neces- 
sity for, 84 

Additions to basic system, 34 
Adjustment notes, on layout, 128 
Allowance for finish machining, 129 
Analysis, of hydraulic units, 121 
safety factors used in, 89 
Assembly, of hydraulic units, 135 
Automatic control systems, 76 
operation of, 77, 78 
prevention of hunting in, 77, 78 
Automatic pilot, power take-off 
from hydraulic system, 52 
Automatic-pilot selector valve, 52 
Automatic pump by-pass valves, 43 
Au lomatic variable-displacement 
pumps, operation of, 44 
types of, 44 

B 

BalaiKted or soI(H‘tiv(‘ relief valve, 
53 

Barrel, typical cylinder, manufac- 
ture of, 133 

Basic hydraulic system, 5-34 
iidditions to, 34 
Ihmds tubing, 139 
Bernoulli’s theorem, 19 
Body, typical valve, manufacture 
of, 134 


Bomb-door system, loads on, 67 
special requirements of, 68 
speed of operation of, 68 
Booster, surface control, 74 
design of, 116, 117 
operation of, 117 
requirements for, 116 
Brake valve, power design of, 114, 
115 

incorporating load feel, 114, 115 
incorporating position and load 
feel, 114 

By-pass, pump, automatic, 43 
necessity for, 41 
normally closed, 41 
series of, on directional control 
valves, 42 

time-delay operated, 43 

C 

Centering device, swiveling wheel, 
63 

Centipoise, 12 

Chambers, spring-loaded expansion, 
38 

Change of section, example of cal- 
culation of pressure drop due 
to, 31 

in pipe, resistance due to, 18 
Check list, detail drawing, 129 
layout, 127, 128 

Checking, tolerance, example of, 
130 

procedure for, 129, 130 
Chrome ])lating, 134 
Cdamps, spacing for, on lines. 111 
Clearances, on layout, 127 
Clips, line support, 110 
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Coefficient, of contraction, 21 
of discharge, 22 
of velocity, 22 

Column strength of piston rod, 121 
Compensation for temperature ex- 
pansion, 37 

Concentricity, note on detail draw- 
ings, 129 

Constant-pressure systems, 41 
Contraction, coefficient of, 21 

gradual, chart for pressure 
changes, 26 

sudden, chart for pressure changes 
and energy loss, 25 
energy loss due to, 24 
Control, of electric-motor-driven 
pumps, 39 

of engine pumps, methods of, 40 
of fluid temperature, 54 
Control subsystems, 57, 69 
automatic, 57 
follow up, 57 
position, 57 

position and load feel, 57 
power amplifying, 57 
Controllability of hydraulic s^^s- 
tems, 4 

Cowl-flap system, loads on, 67 
special requirements of, 67 
speed of, 67 
Cup-type packings, 96 
Cylinder, bleed valves in, 105 
construction of, 107 
dash pots in, 105, 107 
landing gear retracting, determin- 
ing the size of, 68-59 
operating, 7 

piston rod diameter of, 105 
typical, 106 

weight: of, vs. pressun‘, SI 
(Cylinder harnd, typical, manufac- 
ture of, 133 

Cylinder head, typical, manufacture 
of, 133 

Cylinder size, determination of, 81 
eVlinders in paralUd, a<ldition of, 
34-35 


Cylinders in series, 35 
excessive weight of, 36 
synchronization of, 36 

D 

Dashpots, in landing-gear cylinders, 
necessity for, 63 

Density, effect of, on measurement 
of viscosity, 12 
Design, of units, 95 
Design l{|yout, 119, 127 
hydraulic unit, example of, 119- 
120 

Design loads, landing-gear retract- 
ing system, 59 
Design procedure, 79 
Design requirements, of power sys- 
tem, 49 

subsystems, 57-58 
Design sketch, 119 
Detail drawing check list, 129 
Detail drawings, agreement with 
layout, 129 

Determination of cylinder size, 81 
Diagram, load-stroke, 58-59 
power-system, schematic, DC-3 
airplane, 85 

sirhematic, complefi* system, 90 
on layout, 128 

Dinumsions, location of, on layout, 
127 

Diroclional control valvf‘, 8 
Directional control valves, construc- 
tion of, 108 
plug type, 107 
poppet type, lOS 
slide type, 107, lOS 
types of, 107 

Discharge', coefrK‘i(>nt of, 22 

through an orifice, chart, ff)r de- 
termination of, 28 
“Disconnect” valves, 49 
Dissipation of e*nergy, 21 
Doors, landing-gear, systc'ins for op- 
f 'ration of, 62 

Drafting, aircraft, hydraulic, 127 
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Drawings, assembly, 127 
detail, 127 
installation, 127 

E 

Electric-motor-driven pumps, con- 
trol of, 39 
operation of, 39 
Emergency extending valve, 63 
Emergency operation, bomb-door 
system, 68 

Energy, conservation of, 19 
dissipation of, 21 
formula for, falling body, 20 
kinetic, 19 
meaning of, 19 
of motion, 19 
potential, 19 
transformation of, 19 
Energy loss, due to sudden contrac- 
tion in pipe, chart, 24-25 
due to sudden expansion in pipe, 
chart, 23-24, 27 
Engine-driven pump, 6 
Engine-driven pumps, gear type, 
102 

piston type, 102, 103 
types of, 102 
variable displacement, 103 
h]ngine-pump control, 40 
hmgine-piimp systems, 40 
Ecpiivalent orifice valves, 32 
Kfiui valent orifices, calculation of, 
32 

table of, 32 

Expansion, eonipensation for tem- 
l>eratiire, 37 

gradual, chart for pressure 
changes, 27 

smlden, chart, for pressure changes 
and eru.'rgy loss, 27 
energy loss dia; to, 23-24 

F 

Factors of safely, 89 

landing-gear n't racting system, 60 


Filter, by-pass, 51 
return line, 51 
suction, 50 

Filters, location of, in power sys- 
tems, 50 
types, 51 

Finish, measurement of surface, 131 
Fittings, flexible gasket type, 112 
installation of eyebolt type, 140 
flared tube, 140, 141 
pipe threaded, 140 
straight thread and gasket type, 
140 

pressure drop through, 31-32 
tubing, 9 

types of, 111, 112 
Flaring of hydraulic lines, 139, 140 
Flow, of fluids, 10 
laminar, 11-13 

from orifice into open air, 20 
through orifice, quantity of, 21 
resistance due to, 18 
velocity of, 21 
in pipes, 10 

at reduced section in pipe, 23 
Flow resistance, chart for deter- 
mination of, 16 
Fluid, flow of, 10 
hydraulic, 9 

Fluid resistance, 10-11, 14 
Friction coefficient /, 15 

G 

Gradual contraction, chart for pres- 
sure changes, 26 

Gradual expansion, chart for pres- 
sure changes, 27 

H 

Hand pump, arrangement of, in 
power system, 49 
connection of, 84 
design of, 100 
handle location, 101 
materials of, 102 

requirement for pumping air, 102 
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Head, cylinder, strews in, 101 
typical cylinder, manufacture of, 
133 

Head loss in lines, chart for deter- 
mination of, 16 

Heat-treatments, special, on lay- 
outs, 128 

Hose, installation of, 141 
Hydraulic fluid, 9 
modern, development of, 34 
Hydraulic system, basic, 5-34 
definition of, 3 
use of, 4 

Hydrodynamics, 10 

/ 

Inertia of moving parts, low, ad- 
vantages of, 4 
easy, design for, 138 
of hydraulic systems in aircraft, 
138 

K 

Kinematic viscosity, 13 

L 

Laminar flow, 11-13 
Landing-gear retracting system, de- 
sign of, 58 

Lapping on assembly of hydraulic 
units, 136 

Latches, landing-gear, 61 
Layout, design, 119, 127 
reference, 128 

Layout check list, 127, 128 
Layout number, required on detail 
drawings, 129 

Line loss, chart for determination 
of, 16 

Line-loss calculations, temp(n*ature 
considerations, landing-gear 
retracting system, 60 
Line size, wing-flap sysUan, 64 
Line sizes, determination of, land- 
ing-gear system, 87, 8S 


Line sizes, power system, 86 
subsystem, 87 
Lines, bending, 139 
choice of materials for, 109, 110 
flaring, 139 

hydraulic fluid conveying, 9 
strength of, 90, 91 
support spacing for, 139 
Load factor, landing-gear retracting 
system, 60 

Load-stroke diagram, 58-59 
Loads, bomb-door system, 68 
cowl-flap system, 67 
design, landing-gear retracting 
system, 59 

derivation of, on layout, 128 
determination of maximum, 88, 
89 

maximum, 79 
on subsystems, 58 
types of, on layout, 128 
wing-flap system, 64 

M 

Machining, finish, allowance for, 
129 ' 

Maintenance, of hand pump, 149 
of hydraulic systems, 147 
of power brake valve, 149 
Maintenance units, procedure for, 
148 

Manually closed pump by-pass 
valve, 41 

Manufacture of hydraulic units, 132 
Mat(‘rial ordering, 132 
early, nectessity for, 132 
Materials, on layout, unless ob- 
vious, 128 

Members to be invf'stigated in 
stress analysis, 121 
Motor, hydraulic, 7-S 

N 

Noncontrol subsystems, 57 
Nosf?-wheel stf'criug, 75 
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Notes, on detail drawings, 129 
Number, Reynolds, 13 

example of calculation of, 17 

O 

Operation of systems, having cylin- 
ders in parallel, 35 
having valves in parallel, 37 
using automatic pump by-pass, 
43 

using electric-motor-driven pumps, 
30-40 

using manual pump by-pass, 41 
using series of pump by-passes on 
directional control valves, 42 
Orifice, discharge through, chart for 
determination of, 28 
quantity of flow through, 21 
velocity of flow through, 21 
Orifice flow into open air, 20 
Orifices, equivalent, calculation of, 
32 

table of, 32 
flow through, 18 

Overflow prevention valves, land- 
ing-gear system, 63 
Overhaul, of hand pump, 149 
l)(*nodic system of, 148 
of power brake valve, 149 
})ro(*(‘(iure for, units, 148 
( Iverhaul periods, of hoses, 147 
of lines and fittings, 147 
of operating cylinders, 147 
of pumps, 147 
typical, 147 

F 

Packing, cup typo, 96 
round-ring type, 97 
standard, types of, 95, 96 
V type, 96 

Parallc*!, cylinders in, 34-35 
Parts, coded, 131 

luanufacturt' of typical hydraulic, 
133 

standard, 95 


Pipe roughness, effect of, 14 
Piping, hydraulic fluid conveying, 9 
Piston rod, column strength of, 121 
manufacture of typical, 133-134 
Planning, of manufacture, 132 
Plates, circular, stress in, 101 
Plating, on piston rods, 134 
Plug valve, 8 
Poise, 12 
Poiseuille, 12 
Poppet valve, 8-9 
Position-control systems, 71 
effect of temperature on, 72 
loads on, 73 
operation of, 72 
speed of, 73 

synchronization of, 72-73 
uses of, 71 

Position- and load-feel ^sterns, ne- 
cessity for, 73 

Positions, critical, on layout, 127 
Power brake valve, design of, in- 
corporating load feel, 114-115 
incorporating position and load 
feel, 114 

Power brakes, design of valve for, 
114-115 

Power system, 5 

design requirements, 49 
development of, 39 

using automatic pump by-pass, 
49 

Preload torque, on detail drawings, 
129 

on layout, 128 

Pressure, critical, for tube, subject 
to external pressure, 122 
nominal system, high, 81 
relief, determination of, 88 
Pressure change, gradual contrac- 
tion in a pipe, chart, 27 
gradual expansion in a pipe, chart, 
27 

sudden contraction in a pipe, 
chart, 25 

sudden expansion in a pipe, 
chart, 27 
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Pressure drop, due to change of 
section in pipe, example of 
calculation of, 30-31 
due to flow, past change of sec- 
tion, 18 

through orifices, 18 
in lines, chart for determination 
of, 16 

through an orifice, chart for de- 
termination of, 28 
through valves, 32 
Pressure-relief valve, in power sys- 
tem, 40 

Pressures, test, parts not connected 
into pressure system, 144 
table of, 143 
Procedure, design, 70 
example of, 120 
hydraulic-unit design, 110 
Pump, engine driven, 6-7 
gear type, 102 
piston type, 102-103 
types of, 102 

variable displacement, 103 
hand, connection of, 84 
design of, 100 
displacement of, 90 
handle location, 101 
materials of, 102 
in power system, 49 
types of, 99 
hydraulic hand, 6 
repair of, 149 

Pump by-pass, automatic, 43 
manually closed, 41 
necessity for, 41 

series of, on directional control 
valves, 42 

time-df‘lay operated, 43 
Pump cai)acity,' determination of, 
82 

relation of, to rotracding tirm^ 61 
Pump control, methods of, 40 
Pumps, eicctric-motor-driven, 39 
control of, 39 
operation of, 30-40 


Quantity of flow through an orifice. 
21 

R 

Reduced section, flow at, 23 
R.educing valve for autopilot opera- 
tion, 52 

Regulation, pump, determination of 
system of, 83 

Relief pressures, determination of, 

88 

Relief valve, balanced or selective, 
53 

Relief valves, 38 
Repair, of hand pumps, 149 
of hydraulic units, 148-149 
of power-brake valves, 149 
Requirements, landing-gear retract- 
ing system, 61 

special, bomb-door system, 68 
cowl-fiap system, 67 
wing-flap system, 65 
Reservoir, capacity of, 97 
constru(4.ion of, 97-98 
design of, 97 
fluid lev(*ls, 98 
stnmgth of, 98 
support ing structure, 98 
Reservoir outlet, hand pump, as 
safety fi'af ure, 50 
Reservoir t.ank, 5 
Resfa-voirs, superchiirged, 54-55 
Resistance, at change of section in 
pipe, 18 

to flow through orifices, 18 
fluid, 10-11, 14 
formula for laminar flow, 15 
formula for turbulent flow, 15 
pijjo, (diart. for (let(*rminat ion of, 
16 

Retrac-ting Systran, landing-gear, de- 
sign of, 5S 

Reynolds number, 13 

example of calculation of, 17 
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R,od, piston, column strength of, 121 
manufacture of typical, 133-134 
Roughness, pipe, effect of, 14 
Round-ring packings, 97 

;Sf 

Safety, factors of, 89 

landing-gear retracting system, 
60 

Safety valve, 85 
Saybolt viscosimeter, 12 
Scheduling, of manufacture, 132 
Schematic diagram, complete sys- 
tem, 90 

power system, DC-3 airplane, 85 
Selective relief valve, 53-54 
Selector valve, automatic pilot, in 
power system, 52 
Series, cylinders in, 35 
Size, determination of cylinder, 81 
Sketch, design, 119 
Slide valv'e, 8 

Soldering, in assembly of hydraulic 
units, 136 

Spacing for clamps on lines, 111 
Si)Ocial parts, stamping of, 129 
Special requirements, landing-gear 
retracting system, 61 
of subsystems, 58 
Spf?ed of operation, 58 
Vmmb doors, 68 
cowl flaps, 67 

landing-gr*ai retracting system, 60 
wing flai)s, 64 
“Sperry” oil, 9 

Stack size of material required on 
detail drawings, 129 
Staking, in assembly of hydraulic 
units, 136 
vSt,an<lard parts, 95 
St (‘(‘ring, nose wheel, 75 
Strength of lines, 90-91 
Strength calculations, on layout, 128 
Stress in circular plate, such as 
cylinder heads, 101 
Stress analysis, hy<lraulic units, 121 


Subsystems, control, 69 
design requirements, 57-58 
noncontrol, air-loaded, 57, 64 
weight-loaded, 57-58 
types of, 57 

Sudden contraction, chart for pres- 
sure changes and energy loss, 
25 

energy loss due to, 24 
Sudden expansion, chart for pres- 
sure changes and energy loss- 
es, 27 

energy loss due to, 23-24 
Supercharged reservoirs, 54-55 
Supports, spacing for, on hydraulic 
lines, 139 

Surface-control booster, operation 
of, 74 

Surface-control booster unit, design 
of, 116-117 
operation of, 117 
requirements for, 116 
Surface finish, measurement of, 131 
Surfaces, flat, note for, on detail 
drawings, 129 

Synchronization, air load, 65 
of cylinders in series, 36 
hydraulic, 65 
wing flaps, 65 

Systems, automatic control, 69, 76 
operation of, 77-78 
prevention of hunting in, 77-78 
basic hydraulic, 5-34 
constant pressure, 41 
development of modern hydraul- 
ic, 34 

engine pump, 40 
landing-gear retracting, 58 
position control, 71 
synchronization of, 71, 72 
uses of, 71 
position follow up, 69 
position and load feel, 69, 73 
power, 5 

development of, 39 
power amplifier, 69 
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T 

Tank, reservoir, 6 

Temperature considerations, land- 
ing-gear retractive system, 61 
Temperature control, fluid, 54 
Temperature expansion, compensa- 
tion for, 37 

Test data, on layout, 128 
Test notes, example of tabulation 
of, 144 

on layout, 128 

Test pressures, parts not connected 
into system, 144 
table of, 143 

Testing, details requiring, 144 
experimental, 142 
of hydraulic units, 142 
of installed systems, 143, 146 
procedure for, 146 
production, 142 
stages in, 142 

steps required for poppet-valve, 
145 

Tests, specification of, on drawings, 
143 

Theorem of Bernoulli, 19 
Time-delay pump by-pass valves, 

43 

Tolerance checking, example of, 130 
procedure for, 129, 130 
Tolerances, allowable leakage, 145 
allowance for, on layout, 128 
Tooling, aircraft manufacturing, 133 
Torque, preload, on detail drawings, 
129 

on layout, 128 

Tubes, critical pressures for, sub- 
jected to external jjressure, 
122 

Tubing, 9 

installation of flexible, 141 
weight of, versus pressure, 80 
Tubing fittings, 9 
Turbulent flow, 11-13 


U 

Unit design, 95 

Units, design of special purpose, 
113 

example of, 113 
manufacture of, 132 
stress analysis of, 121 
testing of, 142 
of viscosity, 12 

V 

V-type packing, 96 
Valve, accumulator-charging, 49 
necessity for, 84 
automatic pilot selector, 52 
balanced, or selective, relief, 53 
directional-control, 8 
construction of, 108 
plug-type, 8, 107 
poppet-type, S-9, 108 
steps required in testing, 145 
slide-type, 8, 106-108 
emergency-extending, 63 
landing-gear system, 63 
overflow-prevention, 63 
power brake, design of, 70, 114-115 
incorporating load feel, 114- 
115 

incorporating position and 
load feel, 114 

effect of temperature expansion 
on, 71 

loads on, 71 
operation of, 70 
speed of, 71 
r(‘piiir of, 149 

pressurf‘-relief, in power system, 
49 

pump cluingeovf'i*, for automatic 
pilot, 84 

reducing, for autopilot, operation, 
52 

safety, 85 
w'ing-fiap relief, 65 
Valve bodies, manufacture c)f typi- 
cal, 134 
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Valves, addition of, to basic system, 
37 

automatic shutoff, 49 
^‘disconnect,” 49 
equivalent orifice of, 32 
operation of several, on one pow- 
er system, 37 
pressure drop through, 32 
relief, 38 

Velocity, coefficient of, 22 
of flow through an orifice, 21 
Viscosity, 11-12 
absolute, 13 


Viscosity, kinematic, 13 
Saybolt, 12 
units of, 12 

W 

Weight, of cylinder, vs. pressure, 81 
of tubing, vs. pressure, 80 
Wing flap, special requirements of, 
65 

Wing-flap loads, 64 
Wing-flap system, 64 



